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ABSTRACT 
Mode l s  o f  f a t i g u e  c r a c k  g r o u t h  u n d e r  c o n s t a n t  and v a r i a b l e  a m p l i t u d e  l o a d i n g  
a r e  b r i e f l y  r e v i e u e d ,  C o n c e p t s  o f  e n e r g y  b a l a n c e ,  d a n a g e  and t h e  phenomenon o f  
c r a c k  c l o s u r e  a r e  u n i f i e d  t o  model f a t i g u e  c r a c k  g r o w t h .  The c r a c k  g r o u t h  r a t e  
r e l a t i o n  d e r i v e d  f rom t h i s  model is shoun t o  a c c o u n t  i n  a  p h y s i c a l l y  
c o n s i s t e n t  manner f o r  t h e  e f f e c t s  o f  a  nunber  o f  p a r a n e t e r s  s u c h  a s  f r a c t u r e  
t o u g h n e s s ,  stress r a t i o ,  t h r e s h o l d ,  t h i c k n e s s ,  non LEFM c o n d i t i o n s ,  'pop- in '  
u n d e r  h i g h  stress r a t i o  c o n s t a n t  a m p l i t u d e  l o a d i n g ,  e t c . ,  The c o n c e p t  o f  
d a n a g e  i n h e r e n t  i n  t h e  model a l l o w s  c o n s i d e r a t i o n  o f  e n v i r o n n e n t a l  e f f e c t s  on 
c r a c k ,  g r o u t h  r a t e s .  S i n c e  t h e  model is h y s t e r e s i s  e n e r g y  and c r a c k  c l o s u r e  
b a s e d ,  t h e  g rowth  r a t e  r e l a t i o n  d e r i v e d  f rom i t  c a n  a c c o u n t  f o r  i n t e r a c t i o n  
e f f e c t s  under  v a r i a b l e  a m p l i t u d e  l o a d i n g .  I t  a l s o  a u t o m a t i c a l l y  i m p l i e s  t h e  
a p p l i c a b i l i t y  o f  R a i n f l o w  c y c l e  c o u n t i n g  t o  f a t i g u e  c r a c k  g r o u t h  a n a l y s i s  
under  random l o a d i n g ,  I n t e r e s t i n g  e x p e r i n e n t a l  uo rk  is p r e s e n t e d  t o  e s t a b l i s h  
t h e  a p p l i c a b i l i t y  o f  R a i n f l o w  c y c l e  c o u n t i n g  t o  f a t i g u e  c r a c k  g rowth .  Problems.  
o f  e x t r a p o l a t i n g  c r a c k  g rowth  test d a t a  on s i a p l e  l a b o r a t o r y  s p e c i m e n s  under  
f l i g h t  s i m u l a t i o n  l o a d i n g  t o  p r e d i c t i o n  o f  c r a c k  g r o u t h  i n  s t r u c t u r e s  a r e  
e x a n i n e d .  S e g n e n t  S i m u l a t i o n  Techn ique  (SST) is p r o p o s e d  t o  r e s o l v e  s u c h  
p r o b l e m s .  
KEYWORDS 
F a t i g u e  c r a c k  g r o w t h ,  stress i n t e n s i t y ,  e n e r g y  b a l a n c e ,  c o n s t a n t  a ~ p l i t u d e  
l o a d i n g ,  f l i g h t  s i m u l a t i o n  l o a d i n g ,  c y c l e  c o u n t i n g .  
INTRODUCTION 
F a t i g u e  cr.ack g rowth  h a s  b e e n  a  t o p i c  o f  i n t e n s i v e  s t u d y  by a  nunber  o f  
i n v e s t i g a t o r s  f o r  more t h a n  two d e c a d e s ,  I t  i s  a  t o p l c  o f  i n t e r d i s c i p l ~ n a r y  
n a t u r e ,  A l a r g e  nunber  of p a r a n e t e r s  r e l a t i n g  t o  t h e  n a t u r e  o f  l o a d i n g ,  
m a t e r i a l  c h e m i s t r y  / m i c r o s t r u c t u r e  and t h e  environment a r e  known t o  a f f e c t  
f a t i g u e  c r a c k  g r o u t h  b e h a v i o b r .  A l though  t h e  e f f e c t s  o f  s o n e  o f  t h e s e  a r e  
knaun,  new o b s e r v a t i o n s  which e i t h e r  modify e a r l i e r  u n d e r s t a n d i n g  o r  g e n e r a t e  
new i d e a s  on v a r i o u s  a s p e c t s  o f  f a t l g u e  c r a c k  g rowth  c o n t i n u e  t o  a p p e a r  I n  t h e  
l i t e r a t u r e .  The  r e l e v a n c e  o f  f a t i g u e  c r a c k  g r o u t h  t o  d e s i g n  and m a i n t e n a n c e  o f  
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1974; McEvxly %xu, 1976; HcEvi ly  and c o w o r k e r s ,  1976; 
g r n n i n e n  and 
y or ene rqy  r e l e a s e  rate ( P a r i s  and 
S i h  and  B a r t h e l e n y ,  1900; B a d a l i a n c e ,  
- G r o u p 2 :  H o d e l s  based  on c u n u l a t i v e  damage g o v e r n i n g  c r a c k  
e x t e n s i o n .  I n  t h e s e  mode l s  damage is e s t i m a t e d  u s i n g  low c y c l e  
f a t i g u e  relationships, I t  is p o s t u l a t e d  t h a t  c r a c k  e x t e n d s  a s  a  
r consequence  o f  t h e  a c c u m u l a t i o n  of  damage i n  t h e  m a t e r i a l  ahead  o f  
' 1  'The c r a c k  t i p  experiencing c y c l i c  p l a s t i c  s t r a i n s ,  ( H c C l i n t o c k ,  1963; 
Yokobori  and I ch ikawa ,  1968; biu and I i n o ,  1969; Yokobor i  a n d  
c o w o r k e r s ,  1969; F l e c k  and  Ander son ,  1969; Majumdar and Morrow, 
1974; A n t o l o u i c h  and c o w o r k e r s ,  1975; Duggan, 1977; C i o c l o v ,  1977; 
La1  and Garg, 1977; Homma and Nakazawa, 1978; Duggan and C h a n d l e r ,  
1979; P r o c t o r  an? Duggan, 1979; S t o u f f e r  and  W i l l i a m s ,  1979). 
Group 3: Hode l s  based  on c r i t i c a l  l e v e l  of  e n e r g y  a b s o r p t i o n  o r  
ene rgy  b a l a n c e .  I n  t h e s e  m o d e l s ,  c r a c k  g rowth  r a t e  i s  r e l a t e d  e i t h e r  
t o  h y s t e r e s i s  e n e r g y  a b s o r b e d  i n  t h e  c y c l i c  p l a s t i c  e n c l a v e  o r  t o  
considerations o f  e n e r g y  b a l a n c e  ( L i u ,  1963; R i c e ,  1967; G a l l i n a  a n d  
c o w o r k e r s ,  1967; P a r i s ,  1969; Wnuk, 1971, 1973; R a j u ,  1972; 
Cherepanuv and Halfionov, 1972; B u r s  and L i n ,  1974; I k e d a  a n d  
c o w o r k e r s ,  1977; Ueertman,  1978; I zumi  and F i n e ,  1979; R a j u ,  1980, 
1983) . 
Group 4: H o d e l s  b a s e d  on R- curve c o n c e p t s  e v o l v e d  t o  e x p l a i n  s t a b l e  
c r a c k  g rowth  unde r  mono ton ic  l o a d i n g ,  I n  t h e s e  mode l s  c r a c k  
e x t e n s i o n  i n  e a c h  c y c l e  is e q u a l  t o  s t a b l e  c r a c k  g rowth  i n c r e m e n t  
under  t h e  r i s i n g  h a l f  c y c l e  a s  e s t i m a t e d  u s i n g  K R  o r  JR. c u r v e  
a p p r o a c h  (Musuva and  Radon,  1979, 1980; Rhodes  and c o w o r k e r s ,  1981). 
In a d d i t i o n  t o  c r a c k  g rowth  r a t e  e q u a t i o n s  f rom t h e s e  mode l s ,  a  number o f  
e m p i r i c a l  r e l a t i o n s h i p s  a s  a  f u n c t i o n  o f  K o r  J - i n t e g r a l  h a v e  been  p r o p o s e d  
(Forman and c o w o r k e r s ,  1967; P e a r s o n ,  1972; Heald and o t h e r s ,  1972; R i c h a r d s  
and L i n d l e y ,  1972; Saxena  and o t h e r s ,  1978; C o l l i p r i e s t ,  1972. 
I t  is a p p r o p r i a t e  h e r e  t o  r e c o g n i s e  t h a t  t h e  d i s c o v e r y  of c r a c k  c l o s u r e  
phenomenon ( E l b e r ,  1970) r e p r e s e n t s  a n  i m p o r t a n t  m i l e s t o n e  i n  t h e  
u n d e r s t a n d i n g  o f  t h e  m e c h a n i c s  o f  c r a c k  g r o w t h .  I t h a s  r e s u l t e d  i n  
m o d i f i c a t i o n s  - - - -- t o  - e x i s x i n ~ q u a l i a a s , d + p n i R a w  - e m p i P i d l * a m e r ~  ' M e M e c t  
o f  stress r a t i o  a t  i n t e r m e d i a t e  r a n g e  c r a c k  g rowth  r a t e s  was  e x p l a i n e d  on t h e  
b a s i s  o f  c r a c k  c l o s u r e  by E l b e r .  Crack  c l o s u r e  a l s o  e x p l a i n s  r e t a r d a t i o n  and 
a c c e l e r a t i o n  e f f e c t s  o b s e r v e d  unde r  v a r i a b l e  a m p l i t u d e  l o a d i n g ,  More r e c e n t l y ,  
i t  h a s  b e e n  shown t h a t  c r a c k  c l o s u r e  c a n  e x p l a i n  d e c r e a s e  i n  n e a r  t h r e s h o l d  
c r a c k  g rowth  r a t e s  d u e  t o  a g g r e s s i v e  e n v i r o n m e n t  and t h e  e f f e c t  o f  stress 
r a t i o  on t h r e s h o l d  stress i n t e n s i t y  ( R i t c h i e  and o t h e r s ,  1980; P a r i s  and 
o t h e r s ,  1972), 
I t  is n o t  i n t e n d e d  h e r e  t o  c o m p r e h e n s i v e l y  r e v i e w  t h e  v a r i o u s  mode l s  o f  
f a t i g u e  c r a c k  g r o w t h ,  Many r e v i e w s  o f  t h e  v a r i o u s  n o d e l s  of c r a c k  g rowth  a r e  
a v a i l a b l e  i n  t h e  l i t e r a t u r e  ( R i c e ,  1967; G r o s s k r e u t z ,  1971; Schwalbe ,  1974; 
Haddox, 1975). E f f o r t s  h a v e  been  s a d e  t o  model s h o r t  c r a c k  g rowth  b e h a v i o u r  by 
o b s e r v i n g  t h e  r e l a t i o n  be tween  t h e  t h r e s h o l d  stress i n t e n s i t y  r a n g e  and  t h e  
f a t i g u e  e n d u r a n c e  l imit  (Toppe r  and Haddad, 1982). 
An o v e r v i e w  o f  v a r i o u s  n o d e l s  i n d i c a t e s  t h a t  a  l a r g e  n u n b e r  o f . t h e m ,  n o t a b l y  
of Group 1 do n o t  a c c o u n t  f o r  stress r a t i o ,  f r a c t u r e  t o p g h n e s s ,  t h i c k n e s s ,  
60 
e t c . .  T h e  b a s i s  of  most  n o d e l s  d o e s  n o t  p e r n i t  i n  t h e i r  p r e s e n t  f o r m  \ 
c o n s i d e r a t i o n s  o f  t h e  e f f e c t s  o f  v a r i o u s  p a r a m e t e r s  on f a t i g u e  c r a c k  g r o u t h  
r a t e s  i n  a  u n i f l e d  Manner .  A  u n i f i e d  n o d e l  c a p a b l e  o f  a c c o u n t i n g  f o r  a  nufiber 
o f  p a r a m e t e r s  on c r a c k  g r o u t h  b e h a v i o u r  is p r e s e n t e d  I n  t h i s  p a p e r  a f t e r  a  
b r i e f  discussion o f  c r a c k  g r o u t h  unde r  v a r i a b l e  a n p l i t u d e  l o a d i n g ,  
CRACK GROUTH UNDER VARIABLE AMPLITUDE LOADING 
Engineering s t r u c t u r e s  a r e  s u b j e c t  t o  a  c o n p l e x  l o a d  e n v i r o n n e n t  which is  
r a n d o n  i n  n a t u r e ,  F a t i g u e  c r a c k  p r o p a g a t i o n  unde r  q c h  conditions is o f  
c o n s i d e r a b l e  i n t e r e s t ,  p a r t i c u l a r l y  i n  t h e  d e s l g n  of f a i l - s a f e ,  d a n a g e  
t o l e r a n t  s t r u c t u r e s .  E a r l y  s t u d i e s  o f  c r a c k  g r o w t h  unde r  s i n p l e  v a r i a b l e  
a m p l i t u d e  l o a d ~ n g  ( S c h i j w e ,  1960,  Hudson and H a r d r a t h ,  1961)  shoued  t h a t  
a p p l i c a t i o n  of  o v e r l o a d s  o r  r e d u c t i o n  i n  l o a d  l e v e l  introduced a  n o t i c e a b l e  
r e t a r d a t i o n  i n  c r a c k  g r o u t h  r a t e .  The p r a c t i c a l  i n p l i c a t l o n s  o f  t h e s e  
o b s e r v a t i o n s  triggered e x h a u s t i v e  s t u d i e s  unde r  v a r l o u s  l o a d  s e q u e n c e s ,  A 
d e t a i l e d  r e v i e w  o f  l i t e r a t u r e  on t h e  s u b j e c t  u a s  made by S c h l j v e  (1976 ,  1 9 8 0 )  
u i t h  p a r t i c u l a r  r e f e r e n c e  t o  a i r c r a f t  m a t e r i a l s  and l o a d  s p e c t r a ,  A b r i e f  
s u n n a r y  o f  g e n e r a l  o b s e r v a t i o n s  1s g l v e n  b e l o w ,  T h l s  1s f o l l o w e d  by a  
d i s c u s s i o n  on n e c h a n i s n s  c o n t r i b u t i n g  t o  l o a d  i n t e r a c t i o n  e f f e c t s .  A n u n b e r  o f  
a v a i l a b l e  n o d e l s  f o r  c r a c k  g r o u t h  p r e d i c t i o n  a r e  d e s c r i b e d .  The significance 
a f  f a t i g u e  c y c l e  c o u n t i n g  i n  l i fe  e s t i n a t e s  is explained. 
Load i n t e r a c t i o n  e f f e c t s  unde r  s i n p l e  v a r i a h l e  a n o l i t u d e  l o a d i n a .  P o s i t i v e  
o v e r l o a d s  i n t r o d u c e  n o t i c e a b l e  d e l a y ,  even  a r r e s t ,  I n  c r a c k  g r o u t h  (von E u u  
and  o t h e r s ,  1 9 7 2 ) ,  F r a c t o g r a p h i c  s t u d i e s  r e v e a l e d  t h e  phenonenon o f  d e l a y e d  
r e t a r d a t i o n  a f t e r  o v e r l o a d s  ( M c h i l l a n  and H e r t z b e r g ,  1 9 6 8 ) .  They a l s o  show 
t h a t .  c r a c k  e x t e n s i o n  d u r i n g  t h e  o v e r l o a d  i t s e l f  is nuch g r e a t e r  t h a n  u h a t  o n e  
m i g h t  e x p e c t  on t h e  b a s i s  o f  c o n s t a n t  a n p l i t u d e  d a t a  (von Euu and o t h e r s ,  
1 ? 7 2 ) ,  I n t r o d u c t i o n  o f  even  a  l a r g e  n u n b e r  o f  i n t e r n e d i a t e  l o a d  c y c l e s  o f  
s n a l l  n a g n i t u d e  ( n o t  c o n t r i b u t i n g  t o  c r a c k  g r o u t h )  a f t e r  a n  o v e r l o a d  d o e s  n o t  
r e d u c e  d e l a y ,  i n d i c a t i n g  t h a t  d e l a y  e f f e c t s  a r e  c r a c k  e x t e n s i o n  d e p e n d e n t  
r a t h e r  t h a n  c y c l e  d e p e n d e n t  ( P o t t e r ,  1 ? 7 2 ) ,  De lay  i n c r e a s e s  u i t h  n a g n i t u d e  o f  
o v e r l o a d ,  a p p l i c a t i o n  o f  n u l t i p l e  o v e r l o a d s  (Hudson and  R a j u ,  1 9 7 0 ) )  and  by 
r e p e t i t i o n  .of o v e r l o a d s  a f t e r  s o n e  c r a c k  e x t e n s i o n  (Mills and  H e r t z b e r g ,  1975 ,  
1 9 7 6 ) .  Dwel l  i n t r o d u c e d  a t  h i g h  l o a d  i n c r e a s e s  d e l a y  ( J o n a s  and Uei, 1 9 7 1 ) .  On 
t h e  o t h e r  h a n d ,  a  h e a t  s o a k  a f t e r  a n  o v e r l o a d  c a n  r e d u c e  o r  e v e n  e l i n i n a t e  
r e t a r d a t i o n  e f f e c t s  ( R a j u  and o t h e r s ,  1 9 7 2 ) ,  
The a p p l i c a t i o n  o f  p e r i o d i c  u n d e r l o a d s  1s knoun t o  h a v e  l i t t l e  e f f e c t  on c r a c k  
g r o u t h  under  c o n s t a n t  a n p l l t u d e  l o a d i n g  (Hsu and L a s s i t e r ,  1 9 7 4 ) .  T h e i r  
a p p l i c a t i o n  p r i o r  t o  a  p o s i t i v e  o v e r l o a d  a l s o  IS n o t  v e r y  d a n a g i n g ,  Houever  . 
n e g a t i v e  e v e r l o a d s  a p p l i e d  i n n e d i a t e l y  a f t e r  a  p o s i t i v e  o v e r l o a d  c a n  r e d u c e  
s u b s e q u e n t  d e l a y  ( S c h i j v e  and  o t h e r s ,  1961;  S t e p h e n s ,  1 9 7 7 ) .  
I 
A  Hi-La s t e p u i s e  c h a n g e  i n  l o a d  l e u e l  i n t r o d u c e s  i n n e d l a t e  d e l a y  o r  even  c r a c k  J a r r e s t  (Hudson and  R a j u ,  1 9 7 0 ) .  I t  is n o t  e a s y  t o  d i s c e r n  a n y  a c c e l e r a t i o n  
e f f e c t  a f t e r  a  Lo-Hi t r a n s i t i o n ,  b e c a u s e  o f  t h e  r a t h e r  h i g h  b a s e l i n e  c r a c k  1 
g r o u t h  r a t e .  However, e v i d e n c e  is a v a i l a b l e  (Ma theus  a n d  B a r a t t a ,  t 9 7 1 )  -: 
i n d i c a t i n g  s o n e  a c c e l e r a t ~ o n  a f t e r  s u c h  a c h a n g e .  
S e r v i c e  l o a d  s p e c t r a  e s s e n t i a l l y  r e p r e s e n t  c o n p l e x  c o m b i n a t i o n s  o f  t h e  s i n p l e  
l o a d  v a r i a t i o n s  d i s c u s s e d  a b o v e .  It is o n l y  n a t u r a l  t h e r e f o r e  t h a t  l o a d  
s p e c t r u m  e f f e c t s  on c r a c k  g r o w t h  a r e  a l s o  s i m i l a r ,  E x t e n s i v e  s t u d i e s  a t  NLR on 
2024-T3 and 7075-T6 a l l o y  s h e e t  n a t e r i a l  unde r  a  t r a n s p o r t  u i n g  l o a d  s p e c t r u n  
( S c h i j v e  and o t h e r s ,  1968 ,  1972 ;  S c h i j v e ,  1 9 7 3 )  s h o u e d  t h a t :  
1 ,  On t h e  u h o l e ,  c r a c k  e x t e n s i o n  i n  l a r g e r  c y c l e s  is g r e a t e r  and 
i n  s n a l l e r  c y c l e s  less, t h a n  u h a t  one  u o u l d  e x p e c t  f r o n  c o n s t a n t  
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o u t h  r a t e s  a r e  much less t h a n  
uence  i n s t e a d  of a p p l y i n g  l a r g e  
s c r a c k  g r o w t h  r a t e s  by u p t o  a  
i n g  o f  l o a d s  w i t h i n  i n d i v i d u a l  
o f  no c o n s e q u e n c e .  
Ground c y c l e  ( b y  i n c l u d i n g  t h e  
a s s o c i a t e d  s o f i ~ b e s s i v e  l o a d  b e t w e e n  f l i g h t s )  c a n  d o u b l e  t h e  c r a c k  
growth r a t e ,  & 
1 c a u s e s  a  d r a m a t i c  i n c r e a s e  i n  
v e r  u p t o  two b d e r s  h a s  no  e f f e c t  
t e d  t h a t  mos t  o f  t h e  o b s e r v a t i o n s  l i s t e d  a b o v e  p e r t a i n  t o  
s t r e n g t h ,  h ~ g h  t o u g h n e s s  t h i n  s h e e t  m a t e r i a l s  t e s t e d  i n  
i t i o n s .  Such  m a t e r i a l s  s h o u  g r e a t e r  s e n s i t i v i t y  t o  l o a d  
o f  plasticity i n d u c e d  e f f e c t s  a t  t h e  c r a c k  t i p .  They a r e  
o n l y  t o  i n c r e a s e d  r e t a r d a t i o n  ( d u e  t o  o v e r l o a d s )  b u t  a l s o  t o  
o f  u n d e r l o a d s  ( S t e p h e n s ,  1977). T h i c k e r  m a t e r i a l s  show o r e a t e r  
p l a s t i c  d e f o r m a t i o n ,  S t u d i e s  on 2024-T3 m a t e r i a l  ( S c h i j v e  a n d  
show t h a t  r e t a r d a t i o n  e f f e c t s  i n  t h i c k e r  m a t e r i a l  (t=tOmm) a r e  
m a t e r i a l  ( t=2mn) .  The  same s t u d y  a l s o  
e n v i r o n m e n t  a p a r t  f r o m  t h e  g e n e r a l  
er c o n s t a n t  a m p l i t u d e  l o a d i n g ,  
.]':$& ! & i t h e  l i t e r a t u r e  i n d i c a t e  a  mean stress e f f e c t  on c r a c k  g r o w t h  r a t e  
'@@@r s p e c t r u m  l o a d i n g  ( S c h i j v e ,  1972). T h e s e  u i l l  b e  d i s c u s s e d  l a t e r  i n  t h e  
~ M t p x t  o f  p r e d i c t i o n  m o d e l s .  
H k h a n i s n s  o f  l o a d  i n t e r a c t i o n .  G e n e r a l i s a t i o n  o f  f a t i g u e  c r a c k  g r o w t h  d a t a  is 
b a s e d  on t h e  a s s u m p t i o n  t h a t  s i m i l a r  c r a c k  t i p  c o n d i t i o n s  u i l l  g i v e  s i m i l a r  
c r a c k  g r o w t h  r a t e s .  T h i s  a l s o  f o r m s  t h e  b a s i s  f o r  a  n u e b e r  o f  l o a d  i n t e r a c t i o n  
m o d e l s  which a t t e n p t  t o  e x p l a i n  t h e  v i o l a t i o n  o f  s i m l l a r i t v  a t  t h e  c r a c k  t i p  
u n d e r  v a r i a b l e  a m p l i t u d e  l o a d i n g .  The s u g g e s t e d  mechanisms i n c l u d e :  
1 .  C r a c k  t i p  b l u n t i n g - r e s h a r p e n i n g  unde r  t h e  i n f l u e n c e  o f  c h a n g i n g  
l o a d  a m p l i t u d e  ( C h r i s t e n s e n ,  1959) ,  Assuming t h i s  t o  b e  a  
p r e d o m i n a n t  mechanism,  o n e  would  e x p e c t  d e l a y / a c c e l e r a t i o n  t o  b e  
c y c l e  d e p e n d e n t  - e x p e r i e n c e  s h o w s  r a t h e r ,  t h a t  t h e y  a r e  c r a c k  
e x t e n s i o n  d e p e n d e n t .  
2 ,  S t r a i n  h a r d e n i n g  / s o f t e n i n g  i n  t h e  c r a c k  t i p  a r e a .  The 
s i g n i f i c a n c e  o f  t h i s  a e c h a n i s m  is p l a c e d  i n  d o u b t  by  o b s e r v a t i o n s  
( R i l l s  a n d  o t h e r s ,  1977) t h a t  r e t a r d a t i o n  b e h a v i o u r  unde r  o v e r l o a d s  
is q u a l i t a t i v e l y  s i m i l a r  i n  2024-T3 ( a  c y c l i c  s t r a i n  h a r d e n i n g  
m a t e r i a l )  and  A514F steel (wh ich  e x h i b i t s  c y c l i c  s t r a i n  s o f t e n i n g ) ,  
3 .  C r a c k  b r a n c h i n g .  A  f a t i g u e  c r a c k  c a n  b r a n c h  i n t o  two o r  d e f l e c t  
u n d e r  t h e  i n f l u e n c e  o f  a  t e n s i l e  o v e r l o a d  ( S u r e s h ,  1982). Delay  
e f f e c t s  f o l l o u  d u e  t o  r e d u c t i o n  i n  K a t  d e f l e c t e d / b r a n c h e d  c r a c k  
t i p s  w i t h  d i s t r i b u t i o n  o f  l o c a l  d i s p l a c e m e n t s  o v e r  two c l o s e  c r a c k s  
a n d  a l s o  d u e  t o  t h e  c h a n g e  i n  p l a n e  o f  t h e  c r a c k .  The  l a t t e r  a l s o  
a f f e c t s  t h e  node  o f  c r a c k  e x t e n s i o n .  I t  s u s t  b e  p o i n t e d  o u t  t h a t  
c r a c k  b r a n c h i n g / d e f l e c t i o n  o c c u r s  o n l y  a f t e r  v e r y  l a r g e  o v e r l o a d s  
a n d  u n d e r  p r e d o m i n a n t l y  p l a n e  stress c o n d i t i o n s .  F u r t h e r ,  t h i s  
mechanism c a n n o t  e x p l a i n  mos t  o t h e r  i n t e r a c t i o n  e f f e c t s  i n c l u d i n g  
t h a t  o f  h e a t  s o a k  a f t e r  o v e r l o a d s .  
4 ,  R e s i d u a l  s t r e s s e s  a t  t h e  c r a c k  t t p  left by o v e r l o a d s  / 
u n d e r l n a d s .  T h i s  c a n  e x p l a i n  many . o b s e r v a t i o n s  on d e l a y  / 
a c c e l e r a t i o n ,  
5 ,  F a t i g u e  c r a c k  c l o s u r e  d u e  t o  i n t e r a c t i o n  o f  r e s i d u a l  
d e f o r m a t i o n s  a h e a d  and  i n  t h e  wake o f  t h e  c r a c k  t i p  ( E l b e r ,  1 9 7 0 ) ,  
Crack  c l o s u r e  c a n  a l s o  b e  i n d u c e d  a t - n e a r  t h r e s h o l d  c o n d i t i o n s  by 
t h e  f o r m a t i o n  o f  o x i d e  l a y e r s  on t h e  f r a c t u r e  s u r f a c e  ( S u r e s h  and  
o t h e r s ,  1 9 8 1 ) ,  F a t i g u e  c r a c k  c l o s u r e  is  c u r r e n t l y  t h e  , m a s t  w i d e l y  
u s e d  mechanism i n  u a r i o u s  m o d e l s  f o r  c r a c k  g rowth  p r e d i c t i o n ,  
6 .  Crack  f r o n t  i n c o n p a t i b i l i t y .  S h e a r  ( s l a n t )  node  c r a c k i n g  is 
a s s o c i a t e d  u i t h  h i g h  s t r e s s  i n t e n s i t y  u h i l e  t e n s i l e  ( f l a t )  node  
c r a c k  e x t e n s i o n  is a s s o c i a t e d  w i t h  s m a l l e r  l o a d  c y c l e s .  Under 
v a r i a b l e  a m p l i t u d e  l o a d i n g ,  l o a d  i n t e r a c t i o n  e f f e c t s  c a n  a r i s e  d u e  
t o  i n c o m p a t i b i l i t y  i n  c r a c k  f r o n t  o r i e n t a t i o n  ( S c h i j v e ,  1973,  1 9 8 0 ) ,  
Mode l s  f o r  p r e d i c t i o n  o f  c r a c k  p r o p a g a t i o n  unde r  v a r i a b l e  a n p l i t u d e  l o a d i n g  - 
a r e  extremely i m p o r t a n t  f r o m  t h e  v i e u p o i n t  o f  f a i l - s a f e ,  damage t o l e r a n t  I 
d e s i g n ,  Nunerous  n e t h o d s  a r e  p r o p o s e d  i n  t h e  l i t e r a t u r e .  T h e s e  a r e  b a s e d  
e i t h e r  on o n e  o f  t h e  l o a d  i n t e r a c t i o n  n e c h a n i s m s  l i s t e d  a b o v e  o r  on s t a t i s t i c s  
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o f  c r a c k  g rowth  u n d e r  v a r i a b l e  a m p l i t u d e  l o a d i n g ,  Wany o f  t h e  mode l s  u e r e  . 
d e u e l o p e d  t o  d e s c r i b e  d e l a y  e f f e c t s  unde r  s i m p l e  v a r i a b l e  a m p l i t u d e  l o a d i n g ,  
T h e s e  a r e  o n l y  o f  a c a d e m i c  i n t e r e s t  a n d  u i l l  n o t  b e  d i s c u s s e d  h e r e .  
Crack  t i p  b l u n t i n g - r e s h a r v e n i n a .  C h r i s t e n s e n  ( 1 9 5 9 )  r e l a t e d  r e t a r d a t i o n  and 
a c c e l e r a t i o n  e f f e c t s  t o  d i f f e r e n t  c r a c k  t i p  s t r e s s  concentration a s  a f f e c t e d  
b y  l o a d  r a n g e .  L a t e r ,  McMillan and  P e l l o u x  ( 1 9 7 0 )  used a  model b a s e d  on t h i s  
c o n c e p t  t o  e x p l a i n  f r a c t o g r a p h i c  o b s e r v a t i o n s  o f  f a t i g u e  c r a c k  g r o u t h  i n  
2024-T3 unde r  r e p e a t e d  b l o c k s  o f  programned and  pseudo- random l o a d i n g .  I t  must 
b e  p o i n t e d  o u t  t h a t  t h e s e  w e r e  s h o r t  b l o c k s  w i t h  m u l t i p l e  l o a d  l e v e l s .  Under 
s u c h  c o n d i t i o n s ,  t h e  c r a c k  t i p  a r e a  e x p e r i e n c e s  a  r a t h e r  s t a b l e  p l a s t i c  zone  
s i z e  and  c r a c k  e x t e n s i o n  i n  e a c h  c y c l e  w i l l  b e  a f f e c t e d  by c u r r e n t  s t r e s s  
i n t e n s i t y  e x c u r s i o n s  r a t h e r  t h a n  l o n g  t e r m  l o a d  h i s t o r y ,  T h i s  n o d e l  would b e  
u n a b l e  t o  e x p l a i n  c r a c k  e x t e n s i o n  d e p e n d e n t  e f f e c t s  o f  r e t a r d a t i o n  a n d  
a c c e l e r a t ~ o n  one o b s e r v e s  a f t e r  o u e r l o a d s ,  e t c . ,  
R e s i d u a l  stress m o d e l s .  Whee le r  ( 1 9 7 2 )  p r o p o s e d  a  n o d e 1  which a s s u n e s  t h a t  ! 
c r a c k  g r o u t h  r a t e  is r e d u c e d  by a  r e t a r d a t i o n  f a c t o r ,  C r  u h i l e  t h e  c r a c k  * 
p r o p a g a t e s  t h r o u g h  t h e  p l a s t i c  z o n e  left  b e h i n d  by a  p r i o r  o v e r l o a d ,  Cr v a r i e s  
e x p o n e n t i a l l y  f r o n  a  f r a c t i o n  o f  o n e  t o  u n i t y  i n  i n v e r s e  p r o p o r t i o n  t o  t h e  
d i s t a n c e  between t h e  bounda ry  o f  t h e  c u r r e n t  n o n o t o n i c  p l a s t i c  z o n e  and t h a t  
o f  t h e  o v e r l o a d  p l a s t i c  z o n e ,  The  e x p o n e n t  i n  t h e  power r e l a t l o n  c a n n o t  b e  
d e t e r m i n e d  a n a l y t i c a l l y ,  I t  is u s u a l l y  s e l e c t e d  t o  f i t  e x p e r i m e n t a l  d a t a  and 
h a s  been  f o u n d  t o  r e m a i n  f a i r l y  c o n s t a n t  f o r  a  g i v e n  t y p e  a f  s p e c t r u m  l o a d i n g  
(Keays ,  1 9 7 2 ) ,  T h e  n o d e 1  l a c k s  a  s o u n d  p h y s i c a l  b a s i s  i n  v iew o f  its i n a b i l i t y  
t o  e x p l a i n  a c c e l e r a t e d  c r a c k  g r o u t h  and d e l a y e d  r e t a r d a t i o n .  
T h e  U l l l e n b o r g  n o d e l  ( 1 9 7 1 )  a s s u m e s  r e t a r d a t i o n  t o  b e  a s s o c i a t e d  w i t h  a  
c e r t a l n  e f f e c t i v e  c r a c k  t l p  s t r e s s  r a t i o  (less t h a n  t h e  r e m o t e l y  a p p l i e d  R )  a s  
a f f e c t e d  by r e s i d u a l  s t r e s s e s  I n  t h e  o v e r l o a d  p l a s t i c  z o n e  a r e a .  U n l i k e  t h e  
Wheeler  mode l ,  ~t d o e s  n o t  r e q u i r e  any e m p i r i c a l  c o n s t a n t s  t o  d e s c r i b e  
r e t a r d a t ~ o n ,  a p a r t  f r o m  b a s e l i n e  c o n s t a n t  a m p l i t u d e  d a t a  a s  a f f e c t e d  by R ,  I ts  
limitations a r e  s i m i l a r  t o  t h o s e  o f  t h e  Wheeler  n o d e l  - i t  is i n s e n s i t i v e  t o  
t h e  e f f e c t  o f  c o m p r e s s i v e  s t r e s s e s ,  T h i s  model u a s  s u b s e q u e n t l y  m o d l f i e d  t o  
a c c o u n t  f o r  c r a c k  a r r e s t  ( J o h n s o n  and  o t h e r s ,  1978)  and t h e  a d v e r s e  e f f e c t  o f  s 
" H u l t i- P a r a m e t e r  Y e i l d  Zone Hode l "  h a s  f o u r  a d d i t i o n a l  empirical c o n s t a n t s  
T h e s e  c o n t r i b u t e  t o  improved  p r e d i c t i o n  a c c u r a c y .  
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c o m p r e s s i v e  l o a d s  ( J o h n s o n ,  1 9 8 1 ) .  The l a t e s t  v e r s i o n  r e f e r r e d  t o  a s  a  $ 
C r a c k  c l o s u r e  mode l ,  E x p e r i n e n t a l  s t u d i e s  o f  c r a c k  g r o u t h  u n d e r  s i m p l e  
v a r i a b l e  a n p l i t u d e  l o a d i n g  ( E l b e r ,  1 9 7 1 )  a s  u e l l  a s  s p e c t r u n  l o a d i n g  ( E l b e r ,  
1 9 7 6 )  show an e x c e l l e n t  c o r r e l a t i o n  be tween  o b s e r v e d  r e s u l t s  w i t h  measu red  
#ealues of crack closure s t r e s s  and associated e f fec t ive  s t r e s s  intensi ty .  The 
phenomenon of crack closure has in recent years been subject t o  extensive 
theoret ical  and experimental s tudles .  Numerous empirical (Bell and Wolfman, ( 1976; Sunder, 1978, 1979b) and analyt ical  (Newman, 1981; deKoning, 1980) 
models have been suggested to estimate crack closure s t r e s s  and associated 
crack growth r a t e s  under complex load sequences. 
I t  is logical  to expect that  fat igue crack closure is the predominant load 
interaction mechanism i n  thin materials.  After a l l ,  crack growth r a t e  is a 
power function of e f fec t ive  s t r e s s  intensi ty  range - which i n  turn varies 
l inearly with crack opening s t r e s s  l eve l .  Other load interact ion mechanisms 
can only have a secondary influence o n  crack grouth r a t e ,  
The s ignif icance of crack closure i n  load interaction nodels for l i f e  
prediction imposes a requirement of high accuracy i n  estimates of crack 
closure s t r e s s .  Even a 5% error  i n  i t s  determination can lead to a 20% error 
i n  l i f e  estimate. Most experimental techniques (including COD / back face 
s t r a i n  gage compliance, potent ial  drop, e t c , )  do n o t  permit accurate 
measurement of crack opening s t r e s s ,  Sop. A ful ly  automated procedure was 
developed (Sunder, 1983) for  COD based crack clasure e s t i n a t e s ,  A 
fractographic technique was recently developed to make reasonably accurate 
estimates of Sop from s t r i a t i o n  patterns obtained under specially designed 
load sequences (Sunder and Dash, 1982), Combined with a technique for  
binary-coded event reg i s t ra t ion  on f rac ture  surfaces (Sunder, 1983), i t  has a 
good potent ial  in the study of crack closure and i t s  variation accross the  
thickness for  both through a s  well a s  part through cracks under va'rious simple 
variable amplitude load sequences, Suitable approximations can then be made to 
develope more accurate empirical models of crack closure. 
A modified Dugdale model was developed and successfully used b y  Neunan (1981) 
i n  analyt ical  s tudies  of crack growth under a variety of load sequences. Life 
predictions fo r  6.35 m m  thick 2219-T851 aluminium al lay sheet material under 
various spectrum loading conditions were very close to experimentally obtained 
values, An important element of the Newman model is i t s  ab i l i ty  to account f o r  
thickness effect  o n  crack closure,  Hawever, i t  must be pointed out that  even 
the Newman nodel requires empirical data on s t r e s s  s t a t e  (thickness) e f f e c t s  
o n  crack closure,  T h i s  underscores the inportance of experimental s tudies  of 
the closure phenomenon. 
Under spectrum loading, crack closure s t r e s s  remalns more or l e s s  constant 
(Elber, 1976) and is  a function of the major spectrum variables. Schljve 
11980) showed tha t  reasonably accurate estimates of crack propagation l i f e  can 
be ~ a d e  assumlng Sop to be controlled by the rsaxzmum and ninlnum s t r e s s  levels. 
i n  the spectrum. A regression model uas developed (Sunder, 1978, 1979a) to 
approxinate Sop a s  a function of spectrum truncation level and spectrum 
severi ty  (rms amplitude), I t  was checked out uslnq avai lable  data for 2024-T3 
and 7075-T6 obtained a t  NLR (Schijve and others, 1968, 1972), T h i s  model 
pern l t s  accurate xnterpolation of crack growth ra tes  for a given material and 
load spectrum over a wide range of mean s t ress ,  load truncation and omission 
leve l s .  I t  can a s s i s t  i n  minimizing the volume of test lng required to 
evaluate fat lgue performance for  a new material or spectrum, Noreover, a s  Sop 
i s  assumed to be constant, cycle-by-cycle crack growth es t lna tes  can be 
avoided by resort ing to an equivalent s t r e s s  or Mlner type of calculat lan,  
thereby reducing computer time, 
Character is t ic  K avoroach. Barsom (1976) correlated variable anplitude crack 
growth r a t e  data .with constant amplitude data b y  plot t ing da/dN versus Urns. 
Hudson (1981) l a t e r  used t h i s  technique to predict crack growth under 
f l ight- by- fl ight  loading. His prediction r a t i o s  for  6.35 mm thick 2219-T851 
a l l o y  s h e e t  m a t e r i a l  r a n g e d  f r o m  0 . 8 2  t o  2 , 1 3  d e p e n d i n g  on the s p e c t r u n  an 
stress l e v e l .  T h i s  a p p r o a c h  c a n  b e  v a l i d  f o r  n a r r o w  band t y p e  o f  
p a r t i c u l a r l y ,  w i t h  a  t e n s i l e  mean stress o f f s e t ,  w h e r e  l o a d  i n t e r a c t i o n  is 
l e s s ,  A  more  r e a l i s t i c  a p p r o a c h  would b e  t o  c o r r e l a t e  da/dN w i t h  a  
c h a r a c t e r i s t i c  K f o r  t h e  g i v e n  s p e c t r u m  o f  i n t e r e s t ,  I g n o r i n g  dK/da e f f e c t s  
and  c o n s i d e r i n g  t h e  s p e c t r u n  t o  b e  of  s h o r t  d u r a t i o n ,  s i m i l a r i t y  a t  t h e  c r a c k  
t i p  is e n s u r e d  by s i m i l a r  c h a r a c t e r i s t i c  K .  T e s t s  a t  a  f e u  mean stress l e v e l s  
be tween  da/dN and K m  ( W a n h i l l ,  1 9 7 8 ) ,  
unde r  a i r c r a f t  h a n o u e v r e  s p e c t r u m  l o a d i n g  showed r e a s o n a b l e  c o r r e l a t i o n  
The  c h a r a c t e r i s t i c  K a p p r o a c h  a p p e a r s  t o  b e  a t t r a c t i v e '  f r o n  t h e  v i e w p o i n t  o f  
e n g i n e e r i n g  a p p l i c a t i o n  - t h e  d e s i g n e r  is p r o v i d e d  w i t h  a  s i n g l e  c u r v e  which 
b y  i n t e g r a t i o n  y i e l d s  c r a c k  p r o p a g a t i o n  l i fe .  U n f o r t u n a t e l y ,  t h i s  s t a t e m e n t  
c a n n o t  b e  g e n e r a l i s e d ,  Even f o r  a  g i v e n  l o a d  s p e c t r u m ,  n a t e r i a l  and spec imen  
g e o m e t r y ,  da/dN v e r s u s  Km c u r v e s  f o r  d i f f e r e n t  mean s t r e s s ,  Sm, do n o t  f a l l  
i n t o  a  s i n g l e  s c a t t e r  band  ( S c h i j v e  and  o t h e r s ,  19721 ,  T h e r e  a p p e a r s  t o  b e  a n  
o r d e r  o f  m a g n i t u d e  v a r i a t i o n  i n  da/dN a t  a  g i v e n  Kn, d e p e n d i n g  on Sm, S c h i j v e  
a t t r i b u t e d  t h i s  o b s e r v a t i o n  t o  t h e  p o s s i b l e  i n f l u e n c e  o f  dK/da,  T h i s  a p p e a r s  
t o  b e  u n u s u a l  i n  v i ew o f  t h e  a b s e n c e  o f  dK/da e f f e c t s  under  c o n s t a n t  a m p l i t u d e  
l o a d i n g .  An e x p e r i m e n t a l  s t u d y  d e v o t e d  t o  t h i s  p r o b l e n  is d e s c r i b e d  l a t e r  i n  
t h i s  p a p e r .  I 
O f  t h e  v a r i o u s  l o a d  i n t e r a c t i o n  mode l s ,  t h e  c r a c k  c l o s u r e  model a p p e a r s  t o  b e  
t h e  n o s t  v e r s a t i l e .  I t  e x p l a i n s  most  o b s e r v a t i o n s  i n c l u d i n g  dK/da , e f f e c t  unde r  
s p e c t r u m  l o a d i n g .  Howeuer, a  f ew  o t h e r  l o a d  i n t e r a c t i o n  mechanisms ( e . 9 ,  c r a c k  
f r o n t  i n c o n p a t i b i l i t y )  c a n  a l s o  'swing i n t o  a c t i o n '  t o  p r o d u c e  a n a n a l o u s  
r e s u l t s ,  F u t u r e  work s h o u l d  t h e r e f d r e  b e  d i r e c t e d  t o w a r d s  t h e  deve lopmen t  o f  
mu l t i- mechan i sm m o d e l s  f o r  p r e d i c t i e n  p u r p o s e s .  F i n a l l y ,  c y c l e- b y- c y c l e  
e s t i m a t e s  t a k e  up more  compute r  t i n e  t h a n  c a l c u l a t i o n s  of  a v e r a g e  c r a c k  g rowth  
r a t e s ,  I n  t h e  p r a c e s s ,  no  n o t i c e a b l e  improvement  i n  p r e d i c t i o n  a c c u r a c y  is; 
o f t e n  a c h i e v e d .  T h e r e f o r e ,  c y c l e- b y- c y c l e  e s t i m a t e s  may b e  a v o i d e d  whereve r  
s p e c t r u n  d u r a t i o n  is s o  s h o r t  t h a t  t r u n c a t i o n  l e v e l  l o a d s  r e p e a t  m o r e  t h a n  
o n c e  w i t h i n  a  p l a s t i c  z o n e ,  
T h e  p r i m a r y  o b j e c t i v e  o f  most  c r a c k  g rowth  p r e d i c t i o n  t e c h n i q u e s  h a s  been  t o  
s i a u l a t e  i n t e r a c t i o n  e f f e c t s  unde r  complex l o a d  s e q u e n c e s  a n d  s u p e r i m p o s e  them 
on t h e  b a s e l i n e  c o n s t a n t  a m p l i t u d e  p r o p e r t i e s  o f  t h e  m a t e r i a l ,  I n  t h e  p r o c e s s ,  
t h e  v i t a l  q u e s t i o n  o f  f a t i g u e  c y c l e  c o u n t i n g  is o f t e n  t o t a l l y  i g n o r e d .  U n l i k e  
a  c o n s t a n t  a m p l i t u d e  s e q u e n c e ,  random p e a k s  and  t r o u g h s  s e l d o m  s h o u  
d i s c e r n i b l e  ( c l o s e d )  f a t i g u e  c y c l e s .  T h i s  i n v a l i d a t e s  d i r e c t  a p p l i c a t i o n  o f  
b a s e l i n e  da/dN v e r s u s  K d a t a ,  O b v i o u s l y ,  c y c l e  c o u n t i n g  s h o u l d  f o r m  a n  
i n t e g r a l  p a r t  o f  any  c r a c k  g rowth  a n a l y s i s  f o r  random l o a d i n g .  A  number o f -  
t e c h n i q u e s  a r e  a v a i l a b l e  f o r  a n a l y s i s  o f  random l o a d  h i s t o r y  ( d e  J o n g e ,  1982) .  
The  q u e s t i o n  now a r i s e s  a s  t o  which c y c l e  c o u n t i n g  t e c h n i q u e  t o  u s e  i n  f a t i g u e  
c r a c k  g r o u t h  a n a l y s i s .  The R a i n f l o w  c y c l e  c o u n t i n g  t e c h n i q u e  h a s  a  p h y s i c a l  
b a s i s  f o r  n o t c h  r o o t  f a t i g u e  s t u d i e s  i n  view o f  its r e l a t i o n s h i p  w i t h  t h e  
f o r m a t i o n  o f  c l o s e d  h y s t e r e s i s  l o o p s  i n  t h e  l o c a l  stress s t r a i n  d i a g r a m .  The 
moving f a t i g u e  c r a c k  t i p  houeve r  c o m p l i c a t e s  t h e  s i t u a t i o n .  A  r e c e n t  
f r a c t o g r a p h i c  s t u d y  c a r r i e d  o u t  a t  NAL t o  i n v e s t i g a t e  t h e  v a l i d i t y  o f  R a i n f l o w  
c y c l e  c o u n t i n g  t o  c r a c k  g r o w t h  a n a l y s i s  is d e s c r i b e d  l a t e r  i n  i h i s  p a p e r .  
F a t i g u e  c r a c k  g r o w t h  unde r  v a r i a b l e  a m p l i t u d e  l o a d i n g  is o f  g r e a t  academic  
i n t e r e s t  i n  v i ew o f  t h e  i n t e r e s t i n g  r e t a r d a t i o n  / a c c e l e r a t i o n  phenomena. Its 
p r a c t i c a l  i m p o r t a n c e  is u n d e r l i n e d  by i t s  p o t e n t i a l  e n g i n e e r i n g  a p p l i c a t i o n .  
I t  is t h e r e f o r e  a p p r o p r i a t e  t o  e v a l u a t e  t h e  c u r r e n t  s t a t e  o f  ou r  c a p a b i l i t y  t o  
u t i l i z e  n o d e l s  and  d a t a  on v a r i a b l e  a m p l i t u d e  l o a d i n g  c r a c k  g r o u t h .  The 
s i g n i f i c a n c e  o f  d e l a y  a n d  a c c e l e r a t i o n  e f f e c t s  d e p e n d s  on t h e  l o a d  s p e c t r u n ,  
t y p e  o f  n a t e r i a l  i n c l u d i n g  t h i c k n e s s  and e n v i r o n m e n t ,  Fo r  n a r r o w  band t y p e  o f  
l o a d i n g ,  i n t e r a c t i o n  e f f e c t s  a r e  less. They a l s o  d i m i n i s h  w i t h  i n c r e a s e  i n  
t h i ckness  and under t he  in f luence o f  agress ive  environfient. A recent  
round- robin study (Chang, 1981) o f  s i x  d i f f e r e n t  p r e d i c t i o n  techniques f o r  7 crack growth l i f e  ( a l l  based on models discussed above) under var ious  a i r c r a f t  
load spect ra  i n  6,35mm t h i c k  2219-T851 CCT specimens showed t h a t  l i f e  
p r e d i c t i o n  r a t i o s  were a l l  w i t h i n  t he  s c a t t e r  band f o r  constant  ampl i tude 
crack growth r a t e s .  T h i s  o p t i m i s t i c  conc lus ion must be viewed i n  t he  l i g h t  o f  
t h e  f a i r l y  t h i c k  m a t e r i a l  chosen, Also, i t  must be noted tha t  spectrum load ing 
crack growth r a t e s  show i n s i g n i f i c a n t l y  l e s s  s c a t t e r  as opposed t o  constant 
ampl i tude data (Sch i j ve  and others,  1968, 1972). P r e d i c t ~ o n s  as a  r u l e  tend t o  
b e  no re  and more unconservat ive as crack growth r a t e  increases (Schi jve,  
1980),  Th is  should be o f  p a r t i c u l a r  concern w h i l e  designing s t r u c t u r e s  f o r  low 
r a t e d  l i f e .  
UNIFIED HUDEL OF FEITIGUE CRACK GROWTH 
A d e t a i l e d  d e s c r i p t i o n  o f  the  bas i s  o f  t h i s  model i s  a v a i l a b l e  elsewhere 
(Raju, 1972, 1980, 1983). L e t  us consider the  p l a s t i c  deformat ion h i s t o r y  a t  
t he  t i p  o f  a  crack growing under t e n s i l e  constant anp l i t ude  load ing w i th  and 
w i thou t  crack c l osu re  e f f e c t s .  For a  crack growing i n  each c y c l e  under 
f a t i g u e ,  p l a s t i c  deformat ion h i s t o r y  cons i s t s  o f  h y s t e r e t i c  ( c y c l i c )  and 
non- hystere t ic  (monotonic) components. Hys te re t i c  or c y c l i c  p l a s t i c  
deformat ion  occurs r n  an inner  p l a s t i c  zone r e f e r r e d  t o  as  c y c l i c  p l a s t i c  
zone. Non- hysteret ic or monotonic p l a s t i c  defornat ion  occurs i n  an outer,  
monotonic p l a s t i c  zone, Monotonic p l a s t i c  defornat ion  occurs' as a  consequence 
o f  c rack  ex tens ion,  Obviously, f o r  a  s t a t i o n a r y  crack,  there  w i l l  be no 
monotonic p l a s t i c  de fo rna t i on  a f t e r  the  f i r s t  r i s i n g  h a l f  cyc le ,  Crack 
ex tens ion a t  any stage o f  l oad ing  increases the  stresses, causing a d d i t i o n a l  
p l a s t i c  deformat ion i n  some areas near the  crack t i p  and decreases s t resses  
causing e l a s t i c  unloading i n  o ther  areas, Consequently, t he  e f f e c t  o f  crack 
ex tens ion i n  each c y c l e  i s  t o  increase the  hys te res i s  loop i n  some areas and 
decrease i t  i n  t h e  remaining areas w i t h i n  the  c y c l i c  p l a s t i c  zone. For the  
same reason, the  monotonic p l a s t i c  zone w i l l  be d i f f e r e n t  f o r  a  growing crack 
a s  opposed t o  a  s t a t i o n a r y  crack under monotonic load ing.  I t  has been observed 
t h a t  t he re  i s  no d i f f e r e n c e  i n  the  hysteresis energy absorbed i n  the c y c l i c  
p l a s t i c  zone between a  grou ing and a  s t a t i o n a r y  c rack .  I t  was a lso  noted t h a t  
m a t e r i a l  elements a t  the  t i p  o f  a  grouing crack would have experienced a  p r i o r  
h i s t o r y  o f  monotonic and c y c l i c  p l a s t i c  deformat ion uh ich  would have caused 
danage r e s u l t i n g  i n  a  reduc t i on  o f  f r a c t u r e  energy. I t  i s  reasonable t o  assume 
t h a t  t h e  reduc t i on  i n  f r a c t u r e  energy i s  p r o p o r t i o n a l  t o  the  hys te res i s  energy 
absorbed per cyc le .  
The e f f e c t  o f  crack c l osu re  i s  t o  reduce the  c y c l i c  p l a s t i c  zone s i z e  and 
assoc ia ted range o f  c y c l i c  p l a s t i c  s t r a i n  experienced by the m a t e r i a l  i n  t h e  
crack t i p  reg ion .  F i g ,  1 shows the de fo rna t i on  h i s t o r y  i n  var ious  reg ions  o f  
t he  c y c l i c  and nonotonic p l a s t i c  zones w i t h  e f f e c t  a f  crack c l osu re ,  The 
neut ra l .  l i n e s  separa t ing  the  reg ions o f  e l a s t i c  unloading f r o f i  the r e s t  o f  t he  
p l a s t i c  zone a re  a l sa  shown i n  t he  f i g u r e ,  Pa r t s  o f  the  crack l i p s  immediately 
behind t h e  c rack  t i p  deform i n  compression du r i ng  the unloading ha l f- cyc le ,  
The impor tant  e f f e c t  o f  crack c l osu re  i s  the  d r a s t i c  reduc t i on  i n  the s i ze  o f  
t h e  c y c l i c  p l a s t i c  zone which i s  a  f unc t i an  o f  the e f f e c t i v e  s t r e s s  i n t e n s i t y  
range, 4 K e  . Crack c losu re  reduces the hys te res i s  energy absorbed i n  each 
c y c l e  , 
Enerav balance i n  f a t i a u e  crack arowth, The changes i n  ex te rna l  work, e l a s t i c  
s t r a i n  energy and energy o f  p l a s t i c  deformat ion i n  t he  p l a s t i c  zone a r e  
cons idered i n  cons t ruc t i ng  an equat ion o f  energy balance. As mentioned 
e a r l i e r ,  t he  crack t i p  having been i n  a  damaged s t a t e  due to  p r i o r  p l a s t i c  
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deformation history w i l l  require less energy for fracture or for cra 
extension. The nature of damage nay be i n  the form of v o i d s  or microcrac 
nucleated a t  boundaries of second phase particles which w i l l  a t tract  easy s l i  
and the crack may extend by  s l i p  plane decohesion, The cqack nay also exten 
b y  cleavage or ductile fracture of crack t ip material depending on the 
environment and the s t ress  intensity range. 
The energy balance equation can be uritten as 
( d d e ~ ~ d a ) . ( d ~ l d h r )  - l d U e l d ~ ~ ) . C d ~ d ~ ~ )  - [dup/dL). (da/du) 
where da/dN is the crack growth rate,  (dUext/da)(da/dN) is the change i n  
external work i n  each cycle due to crack extension, (dUe/da)(da/dN) is the 
change i n  s train energy i n  each cycle due to crack extension, (dUp/daf(da/dN) 
is the change i n  the energy of plast ic deformation i n  each cycle due to crack 
extension. 
The l e f t  hand side of the equation of energy balance represents the net energy 
available i n  each cycle for fracture or crack extension process . The right 
hand side represents energy requlred for fracture or crack extens io~ after 
taking into account prior hysteretic plastic deformation. The t e r n p u p  i s  the 
reduction i n  energy required for crack extension, Ul,da/dN per cycle due to r 
prior deformation history, Hysteresis energy nay to a considerable extent be 
dissipated as heat. 
ref lec ts  the fraction of th is  energg contributing to damage. The reduction i n  
energy required for crack extension my also depend on monotonic 
(nonhysteretic) plast ic defornation, Norrhystteretic plastic energy ma# ! 
contribute directly, to d,anage or increase i t  through hysteretic energy. T k  - Y  
terns on the left, indipye nonhysteretic defernation energy is the sane as-in ,: 
the case of crack extension under nonotonic loading, Influence of 1 
nonhysteretic plast ic energy on damage due to hysteretic energy is accaunted 
for by taking P as 
- 
Using the relation betueen Up and Up, the expression simplifies to 
zn - Z b  P = 2 A y  ( I - R , )  
where Y i s  the rat io of the yield stress range to the monotonic y i e l d  s tresst  , 
Re 1s the effective stress ra t io ,  (Sop/Smax), Substituting 2 ~ ~ ~ -  A , 2"-2 
one gets . . 
-m 
p = A ( I - % )  - -  3 i 
The hysteretic plastic energy absorbed i n  the cyclic plastic zone i n  each 
cycle is shown to be . - 
F i g ,  1 P l a s t i c  d e f o r n a t i o n  h i s t o r y  a t  t h e  t i p  o f  a  grou ing  f a t i g u e  crack  
F i g .  2 E f f e c t  o f  s t r e s s  r a t i o  on 
da/dN v e r s u s  A K, c u r v e  
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where 6 is a  constant depending on the s t r a i n  hardening coeff icient ,  From (11, '  
ue obtain the following expression for  crack growth r a t e  
. 
- - 2  m 2  da - A ( I - R ~  8 1 ~ )  SYP 'JP 
- - 
J~cxJ- /~ ,  - J U e j d a  - dup/da) 
U{ - IdUext/da - dUe/da -dUp/da) = 0 represents the energy balance equation 
governing f rac ture  under Monotonic loading or fractuPe i n s t ab i l i t y .  For LEFM 
conditions, the crack grouth relat ion can be written as 
The above relat ion assumes hysteret ic  p las t ic  energy absorbed i n  the en t i r e  
cycl ic  p las t ic  zone contributes to reduction in fracture energy, If one 
considers tha t  the hysteret ic  p las t ic  energy absorbed i n  a  narrow s t r i p  in 
l i ne  with the crack and in the cyclic p las t ic  zone is effect ive i n  reducing 
the f rac ture  energy, while the hysteresis energy absorbed elsewhere i n  the 
cycl ic  p las t ic  zone is dissipated as  heat,  the grouth ra te  relation is 
obtained for LEFM conditions as  
The growth r a t e  relat ions ( 6 )  and (7)  assume that the hysteresis energy 
absorbed i n  the en t i r e  cycl ic  p las t ic  zone contributes t o  f racture energy 
reduction and tha t  the hysteresis  energy absorbed i n  a  narrow s t r i p  in the 
cycl ic  p las t ic  zone is effect ive in reducing fracture energy. These two 
assumptions represent extrene conditions. The actual s i tuat ion w i l l  be in 
between, I t  follows that 
where the  exponent p w i l l  be between 2 and 4 and Kc is plane s t r e s s  fracture 
toughness, 
So f a r ,  i n  deriving the greuth r a t e  relat ions,  plane s t r e s s  conditions were 
assumed. Reduction in f rac ture  due to absorbed hysteresis energy would be 
greater for plane s t r a i n  conditions. Taking t h i s  into account, we get the 
following relat ionship for  plane s t ra in  conditions 
I t  is to  be noted that  Azg is greater  than Alga ref lect ing the e f fec t s  o f  




r a t e  relat ions can be modified to include threshold e f fec ts  
-m t' da - Au ( ' - R e )  ( 4ke-dj%) 
& -  2 2 
'<c - J<h&X 
/ 
is the effect ive s t r e s s  r a t i o ,  bKe is effect ive s t r e s s  
. -  lo 
intensi  
range, 47% - the threshold s t r e s s  -in tens i ty  range for plane stra  
conditions, Kic - is the plane s t ra in  fracture toughness. 
I t  is interest ing to note here that the effect  of s t r e s s  r a t i o  a t  lower grouth 
ra tes  is governed b y  crack closure, while a t  high growth ra tes ,  i t  is 
controlled by fracture i n s t ab i l i l t y  conditions. There could be si tuat ions 
where a t  l o w  growth ra tes ,  s t r e s s  ra t io  e f fec ts  are evident even though crack 
closure is absent. The term (1-Re)t(-n) accounts for t h i s  possibi l i ty.  Fig, 2 
s h o w s  the effect  of s t r e s s  ra t io  a s  predicted b y  the above relation (plane 
s t r e s s  case) wlth n=O, 
F l a t  and slant  or V-type fracture nodes. I t  has been shown that the onset and 
completion of t ransi t ion fron f l a t  to s lant  mode of fatigue fracture occurs a t  
specif ic  values of effect ive s t r e s s  intensity range (voq Euu and others, 
1972), I t  is reasonable to assume that the r a t i o  Up/t (Up i s  cyclic p las t ic  
zone length ahead of the crack t i p ,  t  is thickness) is the controlling factor 
for fracture node t rans i t ion .  I t  is of course important to note that 
environnent can also affect  t ransi t ion (Vogelesang, 1975). The c r i t i c a l  values 
a re  p o s s i b l y  functions of the material, environnent a n d  frequency, 
Thickness e f fec t .  The effect  o f  thickness o n  crack growth ra tes  a r i ses  from 
i t s  e f fec ts  o n  crack closure, crack extension mode transition and fracture 
toughness. Prior to onset of transition to s lant  node, plane strain conditions 
w i l l  prevail .  D u r i n g  t ransi t ion,  fracture node is a composite of f l a t  and 
shear. Hence, crack grouth r a t e  during transi t ion w i l l  be give by 
where T5 is shear l i p  thickness expressed as a  fraction of t o t a l  thickness, 
is effect ive s t r e s s  intensity range a t  mid thicknessL A &  is effect ive s t r e s s  
intensi ty range i n  the surface layers, Re and Re are the effect ive s t r e s s  
r a t i o s  a t  surface and nid thickness regions respectively. 
In the above equation, two separate values of d G a n d  Re have been assumed i n  
view of fractographic evidence (Sunder and Dash, 1982) showing that crack 
opening s t r e s s  level a t  m i d  thickness can be signif icantly louer than that a t  
the surface,  In t h i s  study, t e s t s  uere conducted o n  a  5nm thick Al- CU alloy 
Time i O L  
F i g .  3 F r a c t o g r a p h i c  o b s e r v a t i o n  o f  c r a c k  o p e n i n g  s t r e s s  
c l o s e  t o  s u r f a c e  and a t  mid t h i c k n e s s  
F i g ,  4 E f f e c t  o f  t h i c k n e s s  - t e s t  d a t a  and p r e d i c t e d  t r e n d s  
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s ing  a  s p e c i a ~ r y  designed load sequence shown in Fig. 3,  I t  cons i s t s  of 
locks of cycles with constant naxinum s t r e s s  and cycle-by-cycle variation in  
i n i m u m  s t r e s s ,  In the event of crack closure, a  section of s t r i a t i o n s  would 
be equally spaced, For a  given block of loads, the nunber of equally spaced 
t r i a t ions  w i l l  be proportional to crack closure level .  The f i r s t  and l a s t  
equally spaced s t r i a t i o n  w o u l d  correspond t o  the cycle where minimum s t r e s s  
was more or l e s s  equal to crack opening s t r e s s  l eve l .  S t r ia t ion  pat terns I obtained a t  the surface and mid  thickness regions also appear i n  Fig. 3 ,  I t  
can be seen tha t  the s t r i a t i o n s  corresponding to cycles  3 to 13 a re  equally 
spaced a t  the surface while a t  mld thickness, only cycles b to  10 produced 
equally spaced s t r i a t i o n s .  This is evident fron the p lo t s  of r e l a t i v e  
s t r i a t i o n  spacing (nornalised with respect to maxinun s t r i a t i o n  spacing) 
versus s t r e s s  r a t i o  R of the load cycles i n ' a  block. A noticeable difference 
is observed between crack opening s t r e s s  levels  a t  the surface and a t  m i d  
thickness. For a  range of thickness, the f i n a l  f rac ture  condition may be 
governed by f rac ture  toughness values between Kc and Kic and associated with a  
composite f rac ture  mode. In such a  s i tua t ion ,  the dKc,  is governed by Kc(t) 
which can be related to Kc, Kic and the shear l i p  fract ion a t  f racture,  z s F a s  
The trends in  the e f fec t  of thickness and crack growth r a t e ,  evaluated with 
some assumed values of constants i n  the growth r a t e  equation are  shown i n  Fig. 
4 .  They cor re la te  well ui th  experimental data obtained by Schwalbe (1973, 
1974), 
I t  is important to observe that  a t  very high s t r e s s  r a t i o s  , dKc could exceed 
corresponding to Unax = Kic. T h i s  condition is conducive to 'pop-in' crack 
extension. Fig. 5  s h o w s  data obtained under such conditions. I t  follows that  
pop-in can occur even in re la t ive ly  thin materials ( t  = 2mn), provided the  
s t r e s s  r a t i o  i s  very high. 
Non LEFH conditions. N o n  LEFH conditions can be taken into account in  the 
crack growth r a t e  expressions. Three s i tua t ions  need consideration, ( i f  - The 
monotonic p l a s t i c  zone is comparable to crack length or net sect ion,  ( i i )  - 
Both monotonic and cycl ic  p l a s t i c  zones a re  comparable to crack length and net 
sec t ion ,  (iii) - Gross yield.  In (1)) the growth r a t e  equation can be modified 
using p l a s t i c  zone corrected Kmax i n  the denominator. Similarly, in case of 
s i tua t ion  ( i i ) ,  one can modify the growth r a t e  re la t ion  using p l a s t i c  zone 
correction for  Kmax a s  well a s  AIQ. For s i tua t ion  ( i i i)  one has t o  r esor t  to 
EPFH concepts such a s  J in tegra l .  I t  is to be observed-that the energy balance. 
equation can be s e t  up  in terms of J ~ n t e g r a l  s ince i t  represents energy 
release r a t e  and a l so  character ises  the s t ress- strain f i e l d s  a t  the crack t i p  
i n  the EPFH range. The growth r a t e  equation w i l l  take the form 
whereAsc is the e f fec t ive  J integral  range, 
Correlation of t e s t  data with model. Fatigue crack growth data were generated 
under constant amplitude loading uith s t r e s s  r a t i o  ranging fron 0 to 0.85 on 1 
and 5mm thick bl-Cu-Mg alloy sheet material (Soviet DlbAT a l loy) .  The t e s t s  
uere carr ied out on an INSTRON 1343 servohydraulic computer controlled test ing 
K,,, = 37 KS~./% 9 KIC 
A 1  -~n-hfg Alloy , t = Pmm 
F i g .  5 ' P o p- i n '  c r a c k  e x t e n s i o n  a s  e x p l a i n e d  by 
q r o u t h  rate  c u r v e s  f o r  d i f f e r e n t  s t r e s s  r a t i o s  
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m a c h i n e ,  S o f t u a r e  was  d e v e l o p e d  f o r  f u l l y  a u t o m a t e d  t e s t i n g  ( S u n d e r ,  1984), 
F i g s ,  6 and 7 show t h e  c r a c k  g r o u t h  r a t e  d a t a  r e p r e s e n t e d  i n  f o r m a t s  
c o r r e s p o n d i n g  t o  t h e  E l b e r ,  Forman and  p r o p o s e d  e q u a t i o n  f o r  c r a c k  g r o u t h  
r a t e .  As  e v i d e n t  f r o m  t h e s e  f i g u r e s ,  t h e  p r o p o s e d  e q u a t i o n  o f f e r s  b e t t e r  
c o r r e l a t i o n .  T 
E n v i r o n m e n t a l  e f f e c t s .  The  s t r u c t u r e  o f  t h e  e n e r g y  b a l a n c e  e q u a t i o n  is s u c h  ' 
t h a t  i t  c a n  b e  g e n e r a l i s e d  t o  i n c l u d e  e n v i r o n m e n t a l  e f f e c t s ,  An a d d i t i o n a l  
term on t h e  r i g h t h a n d  s i d e ,  r e p r e s e n t i n g  t i n e  d e p e n d e n t  damage d u e  t o  
e n v i r o n m e n t  n e e d s  t o  b e  i n t r o d u c e d .  T h i s  h a s  been  d i s c u s s e d  i n  d e t a i l  
e l s e w h e r e  ( R a j u ,  1950) .  It c a n  b e  shown t h a t  s u p e r p o s i t i o n  a n d  p r o c e s s  
c o m p e t i t i o n  m o d e l s  o f  e n v i r o n m e n t  a s s i s t e d  f a t i g u e  c r a c k  g r o w t h  c a n  b e  
o b t a i n e d  a s  p a r t i a l  c a s e s  u s i n g  t h e  g e n e r a l i s e d  e n e r g y  b a l a n c e  e q u a t i o n .  I n  
t h e  s e t t i n g  up o f  t h e  e n e r g y  b a l a n c e  e q u a t i o n  and  i n  t h e  s u b s e q u e n t  d e r i v a t i o n  
o f  t h e  c r a c k  g r o w t h  r a t e  r g l a t i o n ,  t h e  c o n c e p t s  o f  damage,  e n e r g y  b a l a n c e  a n d  
c r a c k  c l o s u r e  a r e  c l o s e l y  i n v o l v e d  i n  a  u n i f i e d  manne r .  
SOtlE OBSERVATIONS ON MODELLING CRACK GROUTH UNDER 
FLIGHT SIMULATION LDADING 
T h e  p r o p o s e d  u n i f i e d  a p p r o a c h  f o r  m o d e l l i n g  f a t i g u e  c r a c k  g r o w t h  is e x t e n d a b l e  
t o  complex  l o a d  s e q u e n c e s  l i k e  f l i g h t - b y - f l i g h t  l o a d i n g .  To a c h i e v e  t h i s ,  t h e  
f o l l o w i n g  p r o b l e n s  demand c o n s i d e r a t i o n :  
1. A n a l y s i s  o f  l o a d  h i s t o r y  u n d e r  random l o a d i n g  ( c y c l e  c o u n t j n g f ,  
2 .  S i m u l a t i o n  o f  c r a c k  o p e n i n g  stress v a r i a t i o n  u n d e r  f l i g h t  
s p e c t r u m  l o a d i n g .  T h i s  p a r a m e t e r  w i l l  a f f e c t  e f f e c t i v e  stress r a n g e  
i n  e a c h  l o a d  c y c l e .  
3 ,  D e f i n i t i o n  o f  p r e d o m i n a n t  c r a c k  e x t e n s i o n  n o d e .  T h i s  w i l l  
a c c o u n t  f o r  c r a c k  f r o n t  i n c o m p a t i b i l i t y  e f f e c t s  by  m o d e l l i n g  c r a c k  
c l o s u r e  stress and  s u s c e p t i b i l i t y  t a  l o c a l  s t a t i c  f r a c t u r e  
( ' pop- in ' )  a s  a f f e c t e d  by c r a c k  t i p  stress s t a t e .  
T h e  l a s t  p r o b l e n  is a s u b j e c t  f o r  f u t u r e  work a n d  w i l l  n o t  b e  c o n s i d e r e d  
h e r e .  The  f i r s t  two a r e  d i s c u s s e d  b e l o u .  
- - . - - -  -- .- .- 
F i g .  8 Load s e q u e n c e  d e s i g n e d  t o  v a l i d a t e  c y c l e  c o u n t i n g  t e c h n i q u e  
C v c l e  c o u n t i n c i  f o r  c r a c k  a r o w t h  a n a l v s i s .  The r e l a t i o n  be tween  damage and  
h y s t e r e s i s  e n e r g y  a u t o m a t i c a l l y  i m p l i e s  t h a t  R a i n f l o w  c y c l e  c o u n t i n g  is 
a p p l i c a b l e  t o  a n a l y s i s  o f  c r a c k  g r o w t h  u n d e r  random l o a d i n g .  The  v a l i d i t y  o f  
t h e  R a i n f l o w  c y c l e  c o u n t i n g  t e c h n i q u e  f o r  c r a c k  g r o w t h  s t u d i e s  u a s  f i r m l y  
e s t a b l i s h e d  i n  a  r e c e n t  s t u d y  on a  5 mm t h i c k  Al-CU a l l o y  unde r  s p e c i a l l y  
F i g .  9 Load .seqYenre. ( a ) ,  f r a c t o g r a p h  (b), d i g i t i s e d  (c)  
an& e g s i v a l e n t  ( d )  s t r i a t i o n  p a t t e r n s  
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designed load sequences (Sunder and others, 1983). The basis of the load 
sequences u i l l  be clear  f ron the peak-trough sequence shown in Fig. 8 .  These 
a r e  divided in to  four segnents A ,  B ,  C and D .  As per the Rainflou technique, 
seqnents A and B a r e  ident ical  i n  danaging power, Each has two inner cycles 
(41-A2, 63-64), (B2-B3, B4-B5) and an outer cycle (40-65-46), (90-El-DO), 
Cycle C (Ah-~1-EO) is ident ical  t o  the counted buter cycles uhi ie  (D2-D3-D4), 
(Db-D7-D8) a r e  iden t ica l  to the two counted inner cycles each in A and B.  
I f  a fa t igue  crack is grown under repeated blocks s l n i l a r  to the one in  Fig. 
8, using a material and s t r e s s  l eve l s  conducive *o the formation of fat igue 
s t r i a t i o n s ,  the val idi ty  of the Rainflou cycle counting technique can be 
examined o n  a quant i ta t ive bas i s  through electron fractography of the fat igue 
f r a c t u r e  surface. Tests were carr ied using seven d i f fe ren t  load sequences 
b u i l t  around the one i n  Fig. 8.  In these sequences, the number of inner cycles 
a s  u e l l  a s  the i r  magnitude were varied. So uas the mininum s t r e s s  to study 
possible  crack closure e f f e c t s  (inner cycles below closure s t r e s s  can ge t  
'ecl ipsed ' .  
The cycle s tep s i z e  in  segment D uas extended to betueen 25 and 1 0 0  cycles, 
depending on the counted s t r e s s  range of the inner cycles ,  T h i s  ensured a 
measurable crack extension over the e n t i r e  s tep .  Erack extension due to 
individual cycles i n  D was est inated by dividing t o t a l  extension in D by s tep  
s i z e .  A typical  s t r i a t i o n  pattern appears in  Fig. 9 along ui th the load 
sequence and d i g i t a l l y  processed fractograph. For Rainflou cyc.le counting t o  
be valid! grouth in  segnents A and B should be equal. I n  addition, 1/3rd the 
grouth increment in A or B should be equal to  1/4th the increment in C plus  
1/25th increnent in  D .  The increment D o  is due to the s t r e s s  excursion fron 
the mininum s t r e s s  in  segment B to the naximun s t r e s s  i n  D, The r e s u l t s  of 
t h i s  study strongly support the use of Rainflou cycle counting to crack grouth 
ana lys i s .  They also point to large e r r o r s  that  nay occur i f  range count method 
is used. Range counting is consistent uith COD based flodels. 
Crack closure under sPectrum loadina. Neunan (1981) used a modified Dugdale 
nodel to s inu la te  crack opening s t r e s s  under spectrum loading. Such techniques 
a r e  extremely useful in analyt ical  s tudies  of the influence of various 
spectrun variables on crack grouth. However i t  nust be pointed out tha t  
Neunan's predictions were validated on a 6.35 nm 61-alloy. One wonders whether 
sa t i s fac tory  l i f e  prediction accuracy could be attained on thinner materials 
where retardat ion e f f e c t s  a r e  more pronounced. I t  appears a t  the moment that 
ava i lab le  nethods for  nodelling crack closure provide a qua l i t a t ive  rather  
than quant i t a t ive  picture of crack growth behaviour, 
The complexity of the crack grouth process under flight-by- flight loading is 
i l l u s t r a t e d  by r e s u l t s  of a recent NAL study described below which appear to 
ind ica te  that one must be extrenely cautious in  even extrapolating laboratory 
t e s t  data on s inp le  specinens to p rac t ica l  s i tua t ions ,  The study uas carried 
out under s t r e s s  and K - controlled spectrum loading on Inn and 5nm thick 
DlbAT A1-CU alloy SENT specimens (Sunder, 1984), Digital conputer control uas 
used to achieve s t r e s s  control as  ue l l  a s  various predefined l inear  
K-functions (required K-function is achieved b y  on-line load nodification uith 
crack grou th) ,  Periodic measurements uere also recorded b y  the computer of 
crack opening and closing s t r e s s  l eue l s .  These estimates were nade using COD 
compliance, K-controlled test ing permits simulation of possible dK/da e f fec t s .  
The Sop neasurements permit consideration of possible dK/da e f f e c t s  on crack 
closure.  Typical t e s t  r e s u l t s  appear i n  Fig. 10 for  the 5 nn thick material.  
Similar r e s u l t s  uere obtained for  the 1 nn thick n a t e r i a l ,  An analysis of the 
t e s t  r e s u l t s  shows a renarkable e f fec t  of dKn/da on da/dN, Note the nore than 
order of magnitude variation in crack growth r a t e s  a t  similar charac te r i s t i c  K 
but d i f fe ren t  dK/da, O b v i o u s l y ,  the r a t e  of change of p l a s t i c  zone s i z e  
K, funct ions (MPaTm) :  
5 ,  = 
S" - 
5,  = 
K m  - 
K m  - 
K "  - 
K. - 
K,, = 
K "  = 
L. .. L- _LI.-L-LJ #I-,+-+ 
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F i g .  10 Spectrum l o a d i n g  crack growth r a t e s  ( l e f t ) ,  and 
crack  opening s t r e s s  v a l u e s  under s t r e s s  and K- control led l e a d i n g .  
F i g .  11 K- function f o r  s t i f f e n e d  pane l  (Poe ,  1 9 7 1 ) .  
V e r t i c a l  l i n e s  denarcate  s e g n e n t s  t o  b e  s i f i u l a t e d  on 
i n d i v i d u a l  specimens;  d o t t e d  l i n e s  i n d i c a t e  o v e r l a p .  
a f f e c t s  c u r r e n t  S o p .  T h e  p l a s t i c  z o n e  s i z e  is c o n t r o l l e d  by s p e c t r u m  
t r u n c a t i o n  l e v e l .  The  stress a t  t h i s  l e v e l  is e x t r e m e l y  h i g h  and c o r r e s p o n d s  
t o  c o n s t a n t  a m p l i t u d e  da/dN e x c e e d i n g  0 , 0 1  n n / c y c l e .  C o n v e n t i o n a l  c o n s t a n t  
a n p l i t u d e  tests a r e  c a r r i e d  o u t  a t  much l o w e r  stress l e v e l s ,  T h i s  c o u l d  b e  t h e  
r e a s o n  why dK/da e f f e c t s  h a v e  h i t h e r t o  g o n e  u n o b s e r v e d  e x c e p t  a t  n e a r  
t h r e s h o l d  r e g i o n .  The  s t u d y  showed p r o n o u n c e d  e f f e c t  o f  dK/da on c o n s t a n t  
a m p l i t u d e  da/dN. The e f f e c t  c o r r e l a t e d  w e l l  u i t h  measu red  v a l u e s  o f  S o p ,  T h e  
c o n c l u s i o n s  o f  t h i s  s t u d y  h a v e  a  d i r e c t  b e a r i n g  on e n g i n e e r i n g  a p p l i c a t i o n  - 
t h e y  i m p l y  t h a t  f o r  s p e c t r u m  l o a d i n g  c o n d i t i o n s ,  r e a l e t i c  c r a c k  g r o w t h  r a t e  
d a t a  c a n  b e  o b t a i n e d  o n l y  by u s i n g  r e p r e s e n t a t i v e  stress l e v e l s  a s  u e l l  a s  
c r a c k  g e o m e t r y  . 
An i m p o r t a n t  q u e s t i o n  a r i s e s  a s  t o  how t o  a d a p t  l a b o r a t o r y  test d a t a  t o  
s t r u c t u r a l  c o m p o n e n t s .  C o n s i d e r  t h e  K- f u n c t i o n  f o r  a  s t i f f e n e d  p a n e l  wh ich  
a p p e a r s  i n  F i g .  11, The  e f f e c t  o f  t h e  s t i f f e n e r  is t o  r e d u c e .  t h e  r a t e  o f  
i n c r e a s e  i n  K .  Hence,  u n l i k e  a  CC o r  SENT c r a c k  g e o n e t r y  u sed  i n  l a b o r a t o r y  
tests, dK/da v a l u e s  i n  a  s t i f f e n e d  p a n e l  u o u l d  b e  v e r y  low ( z e r o  o r  e v e n  
n e g a t i v e )  i n  t h e  v i c i n i t y  o f  s t i f f e n e r s ,  P o e  ( 1 9 7 1 )  had  e s t a b l i s h e d  t h r o u g h  
c o n s t a n t  a m p l i t u d e  t e s t i n g  t h a t  c r a c k  g r o u t h  r a t e s  i n  s t i f f e n e d  p a n e l s  
c o r r e l a t e  u e l l  u i t h  s p e c i m e n  d a t a  when p l o t t e d  a s  a  f u n c t i o n  o f  stress 
i n t e n s i t y  r a n g e ,  I t  was c o n c l u d e d  t h a t  knowledge  a f  t h e  K- func t ion  f o r  
s t i f f e n e d  p a n e l s  is a d e q u a t e  t o  p r e d i c t  c r a c k  p r o p a g a t i o n  l i f e ,  u s i n g  
l a b o r a t o r y  d a t a  on  s i m p l e  s p e c i m e n s ,  However ,  i t  f o l l o w s  f r o m  t h e  e x p e r i m e n t a l  
d a t a  i n  F i g .  10  t h a t  t h i s  c o n c l u s i o n  is n o t  v a l i d  f o r  s p e c t r u m  l o a d i n g  
c o n d i t i o n s  whe re  dK/da e f f e c t s  become p r o m i n e n t ,  
T h e  p r o b l e m  d i s c u s s e d  a b o v e  c a n  b e  o v e r c o n e  by u s i n g  a  Segment  S i m u l a t i o n  
T e c h n i q u e  ( S S T ) .  T h e  K- f u n c t i o n  i n  F i g ,  1 1  c a n  b e  b r o k e n  i n t o  m u l t i p l e  
s e g m e n t s ,  e a c h  c o v e r i n g  a  c r a c k  l e n g t h  i n t e r v a l  u e l l  w i t h i n  t h e  w i d t h  of  a  
s t a n d a r d  l a b o r a t o r y  SENT s p e c i m e n .  As p e r  SST, u s i n g  e i g h t  75 mm w i d e  SENT 
s p e c i n e n s ,  o n e  c a n  s i m u l a t e  c r a c k  p r o p a g a t i o n  i n  a  p a n e l  u i t h  c r a c k  g r o w t h  
i n t e r v a l  e x c e e d i n g  1 7 0  'mm. Each s p e c i e e n  u o u l d  c o v e r  a  s e g m e n t  o f  25 t o  3 0  mm 
o n l y  ( d o t t e d  l i n e s  i n  f i g u r e ) .  Bo th  K a n d  dK/da o v e r  t h i s  i n t e r v a l  u o u l d  
c o i n c i d e  w i t h  t h o s e  i n  t h e  c o r r e s p o n d i n g  p a n e l  s e g m e n t ,  The  K- f u n c t i o n  f o r  
s e g m e n t s  t o  b e  s i m u l a t e d  i n  i n d i v i d u a l  s p e c i m e n s  c a n  b e  a d e q u a t e l y  
a p p r o x i m a t e d  by a  f o u r t h  o r d e r  p o l y n o m i a l ,  Assuming da/dN t o  b e  a  u n i q u e  
f u n c t i o n  o f  t h e s e  two v a r i a b l e s ,  r e a l i s t i c  s p e c t r u m  l o a d i n g  c r a c k  g r o u t h  d a t a  
c a n  b e  o b t a i n e d  f o r  t h e  p a n e l  f r o m  m u l t i p l e  tests on s i m p l e  s p e c i m e n s .  A  
m a n d a t o r y  r e q u i r e m e n t  o f  c o u r s e  u o u l d  b e  t h e  c a p a b i l i t y  o f  t h e  test s y s t e m  t o  
s i m u l a t e  any  d e s i r e d  K- func t ion  d u r i n g  c r a c k  g r o w t h  t e s t i n g ,  A  test s y s t e m  
u i t h  t h i s  c a p a b i l i t y  is d e s c r i b e d  i n  d e t a i l  e l s e w h e r e  ( S u n d e r ,  19831. 
CONCLUDING REMARKS 
T h e  u n i f i e d  a p p r o a c h  t o  m o d e l l i n g  o f  f a t i g u e  c r a c k  g r o u t h  e s s e n t i a l l y  c o m b i n e s  
t h e  c o n c e p t s  of  d a n a g e ,  e n e r g y  b a l a n c e  and  t h e  phenomenon of c r a c k  c l o s u r e .  
E f f e c t s  o f  a  number o f  p a r a m e t e r s  c a n  b e  l o g i c a l l y  a c c o u n t e d  f o r  i n  t h e  c r a c k  
g r o w t h  r a t e  r e l a t i o n  d e r i v e d  f r o m  t h e  u n i f i e d  a p p r o a c h .  The mode l  p r e s e n t e d  i n  
t h e  p a p e r  is b a s e d  on  c o n t i n u u m  m e c h a n i c s  i n v o l v i n g  c o n t i n u u m  p a r a m e t e r s  and  
a s  s u c h ,  a n y  e f f o r t s  t o w a r d s  e x t e n d i n g  t h e  model  t o  a c c o u n t  f o r  
n i c r o s t r u c t u r a l  p a r a m e t e r s  may b e g i n  w i t h  t h e  r e l a t i o n s h i p  be tween  c o n t i n u u m  
p a r a m e t e r s  a n d  m i c r o s t r u c t u r e ,  An o b v i o u s  a p p r o a c h  t o  c o n s i d e r a t i o n  o f  
m i c r o s t r u c t u r e  p a r a m e t e r s  a n d  f r a c t u r e  modes o r  mechanisms is t o  o b s e r v e  t h a t  
t h e  h y s t e r e s i s  e n e r g y  a b s o r b e d  c o u l d  p r o d u c e  i n h o n o g e n e o u s  d a n a g e  l e a d i n g  t o  
t h e  s i t u a t i o n  w h e r e  e n e r g y  r e q u i r e d  f o r  a  s p e c i f i c  mechanism t o  o p e r a t e  
becomes  m i n i n a l .  T h e  model  a n d  t h e  s t r u c t u r e  o f  e n e r g y  b a l a n c e  e q u a t i o n s  a l l o w  
c o n s i d e r a t i o n  o f  e n v i r o n m e n t a l  e f f e c t s ,  T h e  a p p l i c a b i l i t y  o f  R a i n f l o w  c y c l e  
c o u n t i n g  t o  f a t i g u e  c r a c k  g r o w t h  e s t a b l i s h e d  by a  n o v e l  f r a c t o g r a p h i c  s t u d y  
lends support  t o  the u n i f i e d  model, The model can account f o r  s t ress  r a t i o  
e f f e c t s  i n  a more s a t i s f a c t o r y  manner than e x i s t i n g  ~ o d e l s  s ince i t  combines 
the  R- effect  a r i s i n g  due t o  crack closure, c r i t i c a l  s t ress  i n t e n s i t y  range as 
u e l l  as e f f e c t i v e  s t r e s s  r a t i o  (Sop/Smax). The model a lso  permits de r i va t i on  
o f  a crack growth expression f o r  EPFH cond i t i ons  i n  t e rns  o f  J- in teg ra l .  
I n  i t s  present f o r m  the model cannot be d i r e c t l y  app l ied t o  mixed node f a t i g u e  
crack growth under combined K ,  and Kn cond i t i ons ,  Th is  w i l l  r e q u i r e  
recogn i t i on  o f  t he  f a c t  t h a t  energy re lease r a t e  ( feed ing t o  the process o f  
crack extension) nanely (dWext/da - dUe/da - dUp/da) i s  dependent on t h e  angle 
o f  crack extension. Also the  hys te res i s  energy absorbed and the damage 
r e s u l t i n g  f r o n  i t  a re  func t i ons  o f  the  mode I and node I1 components o f  t h e  
crack t i p  s t ress  f i e l d ,  
The l a c k  o f  c o r r e l a t i o n  between crack growth r a t e s  under f l i g h t  s imula t ion 
load ing w i t h  a c h a r a c t e r i s t i c  s t ress  i n t e n s i t y  makes i t  impossible t o  
ex t rapo la te  l abo ra to ry  t e s t  data t o  s t r u c t u r a l  components. The lack  o f  
c o r r e l a t i o n  i s  a t t r i b u t e d  t o  dK/da e f f e c t s  on crack opening s t ress ,  Th i s  
problem was h i t h e r t o  unnoticed under.constant ampl i tude load ing cond i t ions.  
Segment Simulat ion Technique (SST) i s  proposed as a use fu l  engineer ing t o o l  i n  
overcoming the  problem associated w i th  dK/da e f f e c t s ,  
Acknouledsenent: Consu l ta t ions w i th  Dr.  P . K .  Dash are  g r a t e f u l l y  acknowledged, 
REFERENCES 
Antolovich, S,D,, Saxena, A , ,  and Chanani, G , R .  (1975). Ens, Fract .  Mech., 7 ,  
649-652, 
Badaliance, R .  (1980). Ena. F rac t .  Hech., 13,657-666. 
Barsom, J.M. (1971). I n  ASTH STP 486, ASTH, Ph i lade lph ia .  
Barson, J.M, (1971). Trans, ASHE, J ,  Ena. Ind.,b,1190. 
Barson, J,M, (1976). I n  ASTM STP 595, ASTH, Ph i lade lph ia ,  
B e l l ,  P.D., and Wolfman, A. (1976). I n  ASTM STP 595. ASTM, Ph i lade lph ia .  
Chang, J,B. (1981). i n  ASTH STP 748. ASTH, Ph i lade lph ia .  
Cherepanov, G.P., and Halmonov, H ,  (1972), Ens, F rac t ,  Hech., 4, 219-230, 
Cioclov,  D.D, (1977), I n  Fracture  77 - Proc. ICF 4.  Waterloo, 
C o l l i p r i e s t ,  J.E. (1972). North American Rockwell Report SD72-CE-12. 
de Jonge, J.B. (1982). NLR R e ~ o r t  HP 82039U. NLR, Amsterdam. 
de Koning, A.U. (1980). NLR Reoort MP 80006U. NLR, Amsterdam. 
Donahue, R.J,, Clark,  H,H., Atanno, P., Kumble, R.G,, and McEuily, A.J. (1972) 
I n t .  J ,  F r a c t .  Mech., 8, 209. 
Duggan, T.V. (1977). Ens, F r a c t .  Hech., 9, 735-747. 
Dugqan, T . U . ,  and Chandler, D.C, (1979). I n  Mechanical Behaviour o f  H a t e r i a l s ,  
JSHE, Kyato, 
Elber,  bl, (1970). Ena. Fract .  Hech,, 2, 37-45, 
Elber,  W ,  (1971), I n  ASTH STP 486, ASTH, Ph i lade lph ia ,  
Fleck, Y,G., and Anderson, R,B, (1969). I n  Fracture  49 - 
Proc. 2nd I n t ,  Conf, Fract . ,  Br ighton,  
Forman, R,G,, Kearney, WOE., and Engle, P,H, (1967). ASHE Trans., J .  Basic Ena,, 
D -89 .  
F ros t ,  N.E., and Dixon, J.R. (1967), I n t ,  J ,  F rac t .  Mech,, 3 ,  301-316, 
Gal l ina ,  V . ,  Galotto,  C.P., and Omini, H. (1967). I n t .  J .  F rac t .  Mech., 3, 37. 
Grosskreutz, J.C. (1971). I n  ASTH STP 495, ASTH, Ph i lade lph ia .  
Head, A.K. (1953). P h i l ,  Maa., 4, 925, 
Heald, P.T,, L indley, T.C,, and Richards, C.E. (1972), Mat, Sc i ,  Ena., 10. 
Hoeppner, D,M., and Krupp, USE, (1974), Ens, Frac. Hech,, 6,47-70. 
Hsu, T.M., and Lass i te r ,  L.U. (1974). AIAA Paper No 74-365, 
Hudson, G,H., and Hardrath, H.F, (1961), NASA TND 960. NASA, Langley, 
80 
Hudson, C.H., and Raju, K.N, (1970). NASA TN-D-5702. NASA, Langley,  
Ikeda, S,, I z u n i ,  Y , ,  and Fine, H.E. (1977). Ena. F r a c t .  Hech,, 9.  
I z u n i ,  Y . ,  and Fine, H.E. (1979). Ena. F r a c t ,  Hech,, 11. 
Tech,, 100, No, 1, 57-63, 
Johnson, W.S., R i s t e r ,  U,C., and Spaner, T,  (1978). ASHE Trans, J. Ena. Hat, and 
Johnson, W.S. (1981). I n  ASTM STP 748, ASTH, Ph i l ade lph ia ,  
Jonas, O . ,  and Wei, R,P. (19711, I n t ,  J. F r a c t .  Mech,, 7, 116-118. 
Kanninen, M.F., Atkinson, C., and HcEvi ly,  A,J. (1977). I n t .  J .  Frac t . ,  13, 887. 
Keays, R.H. (1972). ARL R e ~ o r t  ARL/SH 736. Helbourne. 
Kocanda, S. (1978). I n  Fa t i aue  F a i l u r e  o f  Heta ls .  S i j t h o f f  & Noordhoff ,  
K r a f f t ,  J.H. (1964), Sp, Rep. t o  ASTH - FTHSH. 
K r a f f t ,  J.H, (1965). Trans ASH, 58, 691. 
Kuo, A,S., and L iu ,  HOW. (1976). S c r i p t a  Het. ,  10,723. 
La i rd ,  C., and Smith, G,C, (1962). P h i l ,  Maa,, 7,847-857. 
La l ,  K e n , ,  and Garg, S.B,L, (1977), Ena. F r a c t ,  Hech,, 10,539-552. 
Lardner, R.W. (1968). P h i l .  Hau., 17, 71. 
L i u ,  H.U. (1963). ASME Trans. J .  Basic Ena. 116-122. 
L i u ,  H,U., and I i n o ,  N ,  (1969). I n   
Brighton .  
Haddox, S .J .  (1975).  I n t .  J .  F r a c t . , 1 1 ,  3, 389-408. 
Majundar, S., and Harrow, J.D. (1974). I n  ASTH STP 559 ASTM, Ph i l ade lph ia .  
Hathews, W.T., Bar ra ta ,  F . I . ,  and D r i s c o l l ,  G,U. (19711, I n t ,  J .  F r a c t .  Mech,,7, 
224-228, 
HcCl in tock ,  F.A. (1963),  I n  F rac tu re  o f  So l i ds ,  In tersc ience,  New York, 
HcEvi ly,  A,J., and I l l g ,  W ,  (1959). I n  ASTM STP 274, ASTM, Ph i l ade lph ia .  
HcEvi ly,  A,J,  (1974). Met, Soc, London,204, 
HcEvi ly,  A .J . ,  Baukelnann, D,, and Tanaka, K .  (1976),  
I n  Strenoth and S t r u c t u r e  o f  S o l i d  H a t e r i a l s ,  Noordhoff. 
McMillan, J.C,, and Hertzberg,  R,U.  (1968). I n  ASTH STP 436. ASTM, Ph i l ade lph ia .  
M i l l s ,  U.J,, and Hertzberg, R.U. (1975). Ens, F r a c t ,  Mech., 7,705. 
H i l l s ,  U.J., and Hertzberg, R . W ,  (1976). Ens. F rac t .  Hech., 8,657, 
Mura, T,, and L in ,  C,T. (1974). I n t .  J ,  F r a c t .  Mech., 10. 
Husuua, J.K., and Radon, J,C. 11979). D*, Stuttgart;479-494. 
Musuva, J.K., and Radon, J.C. (1980). I n  Proc.  3 r d  Co l louu iun on F rac tu re  ECF3. 
Perganon, 
Neunann, P ,  (19671, Acta Met., 17, 
Neunann, P, (1974). Acta Het,  
Newnan, J,C. (1981).  I n  ASTH STP 748. ASTH, Ph i l ade lph ia ,  
Par is ,  P.C., Gonez, M.P,, and Anderson, W.E. (1961). The Trend i n  Ena., 13, 
Uniu,  o f  Washington. 
Pa r i s ,  P,C. (1969), I n  Fat iaue - An I n t e r d i s c i o l i n a r v  Ap~roach.  Syracuse Uniu,. 
Par is ,  P.C,, Bucci ,  R.J., Messel, E.T., Clark,  U . G , ,  and 
Hager, T.R. (1972),  I n  ASTH STP 513. ASTM, Ph i l ade lph ia .  
Pearson, S. 61972), Enu, F rac t ,  Hech., 4, 9-24, 
Pearson, S. (1975),  Enu, F r a c t .  Hech., 7, 235-247, 
Pe l loux ,  R,H.N, (1970),  AFFDL-TR 70-144, 
Poe, C,C, (1971), I n  ASTH STP 486, ASTM, Ph i l ade lph ia .  
Po t te r ,  J.M. (1973). I n ,  ASTH STP 519. ASTM, Ph i l ade lph ia .  
P roc to r ,  H.W,, and Duggan, T , V ,  (1979). I n  F rac tu re  Hechanics i n  Eno ineer ing  
A D p l i C a t l ~ n .  S i j t h o f f  & Noordhoff .  
Raju, K.N., Ningiah, S . ,  and Rao, B.V,S. (1972). I n t .  J .  F rac t .  Mech., 1.99. 
Raju, K.N. (1972).  I n t ,  J .  F r a c t .  Hech., 8 ,  1-14, 
Raju, K,N, (1980),  PhD Thesis.  I nd ian  I n s t i t u t e  o f  Science, Bangalore, 
Ra ju, K .N. (1983). Techn ica l  Menorandun TH-MT-103/1-83. NAL, Bangalore, 
Rhodes, D., Culver,  L.E., and Radon, J.C, (1981), I n  Proc.  Fatitaue '81. 
Mestbury House, London, 
Rice, J.R. (1967). I n  ASTH STP 415, ASTH, Ph i l ade lph ia .  
Richards, C.E., and L lnd ley ,  T.C. 11972). Eng. F r a c t .  Mech., 4, 951-978, 
R l t c h i e ,  R.0, (1979),  I n t .  Metals Revlew, 24, 205. 
R l t c h i e ,  R.O., Suresh, S., and Moss, C.H. (1980). Trans, ASHE, J .  Ens, Mat. 
Tech, , 102, 293-299. 
Saxena, A , ,  and Hudak, S,J. J r .  (1978). I n t .  J ,  F r a c t . ,  14, 453-463. 
Schi jve,  J .  (1960).  NLR Report MP195. NLR, Ansterdan, 
Sch l jve ,  J , ,  Broek, D,, and de R i j k ,  P, (1961). NLR-TN M2094. N l r ,  Ansterdan. 
Schl jve,  J . ,  Jacobs, F.A., and Tromp, P.J. (1968). NLR TR 68117. NLR, Ansterdan. 
Sch i jve ,  J , ,  Jacobs, F,A,, and Tromp, P,J .  (1972), NLR TR 72018, NLR, Ansterdam. 
Sch l jve ,  J. (1973).  Ens. F r a c t ,  Mech., 5 ,  269-280, 
Sch l jve ,  J ,  (1974),  Ena, F r a c t ,  Mech,, 6, 245-252, 
Schi jue,  J ,  (1976).  I n  ASTM STP 595. ASTH, Ph i l ade lph ia ,  
Sch l jve ,  J ,  (1980),  I n  ASTH STP 700. ASTM, Ph l l ade lh ia .  
Sch l jve ,  J ,  (1980) -  Memorandum M-358. D e l f t  Un i ve rs i t y ,  DELFT, 
Schwalbe, K.H. (1973).  I n t .  J .  F r a c t . ,  7,381-395. 
Schwalbe, K.H. (1974). Ena. F rac t ,  Mech., 6,325-341. 
Sih,  G . C , ,  and Bartheleny, B,M. (1980). I n t .  J .  F r a c t .  Hech., 13, 439-451. 
Stephens, R , I .  (1977).  I n  ICAF Doc. No 960. Darnstadt.  
S t o u f f e r ,  D.C., and Wil l iams, J.F. (1979), Ena, F r a c t .  Mech,, 11,525-536. 
Sunder, R ,  (1978),  PhD Thesis.  Klev I n s t i t u t e  o f  C l v i l  Aviation, K iev ,  
Sunder, R .  (1979a). Ens. F rac t .  Mech., 12,147-154, 
Sunder, R .  (1979b), Enq, F r a c t ,  Hech,, 12L 155-165. 
Sunder, R, ,  and Dash, P,K. (1982),  I n t .  J .  Fatioue, A p r i l ,  97-105. 
Sunder, R .  (1982). NAL-TM-MT-8-82. NAL, Bangalore. 
Sunder, R .  (1983). NAL-MT-TM-10-83. NAL, Bangalore, 
Sunder, R ,  (19841, NAL-TH-MT-2-84. NAL, Bangalore, 
Suresh, S, (19821, Report LBL-14482, U n i v e r s i t y  o f  C a l i f o r n i a ,  
Tomkins, 8, (1968). P h i l .  Hat!., 18, 1041-1066, 
Tomkins, 8. (1969). J .  Ena. Mat. and Tech. Trans. ASME Ser. H., 97,289-297 
Topper, T . H , ,  and E l  Haddad, M.H. (1982). I n  Fat laue Thresholds v o l ,  2,  
EMAS, Uar ley ,  
V a l l u r i ,  S.R, (1961) Aeroso. Ens.,  20, 18-19 and 68-69. 
V a l l u r i ,  D , R , ,  Glassco, J ,B, ,  and Bockrath, G.E. (1963). Douglas A i r c r a f t  
Report No EP 1695. 
Vogelesang, L.B. (1975). I n  ICAF DOC 80. 2.2/01-29. 
von Euw, Hertzberg, R . W , ,  and Roberts, R ,  (1972), I n  ASTM STP 513, ASTM, 
Ph i l ade lph ia .  
Wanhl l l ,  R.J.H. (1978). NLR MP 78015. NLR, Ansterdam. 
Ueertnan, J ,  (1969), I n t ,  J ,  F r a c t ,  Mech,, 5, 13-15. 
Ueertman, J .  (1973). I n t ,  J ,  F r a c t , ,  9, 125-131, 
Yeertman, J ,  (1978). I n  F rac tu re  Mechanics. Univ. Press o f  V i rg ln la ,  
C h a r l o t t e s v i l l e .  
Welss, V .  (1964).  I n  Fat iaue - An i n t e r d i s c i o l i n a r ~  a ~ ~ r o a c h ,  
Syracuse Un ive rs i t y ,  Syracuse. 
Wheeler, O.E, (1972). ASHE Trans, Ser ies  D, J. Baslc,  Ena.. 
Wi l lenborg,  J.D.,  Engle, R.H., and Wood, HEAL  (1971). AFFDL-TH-FBR-71-1. 
Wnuk, M,P, (1971), I n t ,  J ,  F r a c t ,  Mech., 7,383-407. 
Wnuk, t4.P. (1973),  Ens. F r a c t ,  Mech., 5, 379-398, 
Yokobori, T., and Ichlkawa, M, (1968). Reu, Res, I n s t ,  S t r .  and F r a c t ,  Mat., 
Tohoku Univ, ,  4, 45-53. 
Yokobori, T,, Kawaglshi, M. ,  and Yoshinura, T. (1969). I n  Frac t  -e 69 - Proc. 
2nd I n t ,  Conf. F r a c t ,   Br ighton.  
